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Vectors of Brevetoxins to Marine Mammals 
 
Leanne J. Flewelling 
 
ABSTRACT 
 
Mass mortalities of Florida manatees (Trichechus manatus latirostris) and 
bottlenose dolphins (Tursiops truncatus) have been attributed to brevetoxins produced by 
the Florida red tide dinoflagellate Karenia brevis. The multiple routes through which 
marine mammals can be exposed to brevetoxins have complicated efforts to understand 
the mechanisms that lead to mass mortality events. In spring of 2002, 34 endangered 
Florida manatees died in southwest Florida, and in spring of 2004, 107 bottlenose 
dolphins died in the Florida Panhandle. These events provided unique opportunities to 
make clear connections between ingested brevetoxins and marine mammal mortalities 
without the confounding issues of concurrent exposure through direct contact or 
inhalation.  
Prior to 2002, the accumulation of brevetoxins on or in seagrass had never been 
previously reported, and the delayed or chronic exposure of manatees to brevetoxins 
through seagrass was not recognized as a threat. Brevetoxins were shown to persist in 
association with seagrass at high levels for weeks and at lower levels for months in the 
absence of K. brevis. Analyses of the epiphytes and detritus on the surface of the seagrass 
leaves as well as of the cleaned seagrass leaves and rhizomes revealed that during a K. 
brevis bloom as much as half of the toxin present in the seagrass may be associated with 
the leaves themselves, while after a bloom, the majority of the toxin present is associated 
with the epiphytes.  
The 2004 mass mortality of bottlenose dolphins in the Florida Panhandle clearly 
indicated that fish have the potential to vector brevetoxins to higher tropic levels. 
Analyses of fish collected live from St. Joseph Bay and southwest Florida revealed that 
ix 
brevetoxin accumulation in fish is a common occurrence. Planktivorous clupeid fish are 
capable of accumulating high concentrations of brevetoxins within their viscera, and their 
movement can result in spatial separation of a bloom and animal exposure. Sciaenid 
species and pinfish also accumulated brevetoxins but to a lower extent. These fish, as 
well as other omnivorous and piscivorous species, may retain brevetoxins in their tissues 
at significant concentrations after a bloom has dissipated, which may lead to temporal 
separation of blooms and animal exposure. 
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Chapter 1. Introduction 
  
Harmful Algal Blooms 
 Algal blooms, or higher than normal concentrations of phytoplankton, occur when 
environmental conditions allow phytoplankton growth to exceed losses due to mortality, 
sinking, grazing, etc.; or when conditions result in the physical concentration of 
phytoplankton cells. Harmful algal blooms (HABs) are phytoplankton blooms that are in 
some way deleterious to humans or the environment. Algal species may be considered 
“harmful” for many different reasons, and the harmful effects are not necessarily 
dependent on high biomass or cellular abundances (Smayda 1997b). In some instances, a 
bloom of a species not typically categorized as a HAB species can have incidental, but 
harmful, effects. For example, hypoxic or anoxic water conditions caused by a bloom of 
otherwise benign species can result in non-discriminating kills of fish and invertebrates 
(Hallegraeff 1993), and water discoloration from an algal bloom can result in severe light 
attenuation leading to loss of aquatic vegetation (Dennison et al. 1989). The typical HAB 
species have more specific “harmful” effects. Ambush predation by the dinoflagellate 
Pfiesteria piscicida on fish is a very specific and unique mode of harmful action (Smayda 
1997b). Another example is the diatom Chaetoceros, which possesses heavily silicified 
setae that can clog or pierce the gills of fish and crustaceans causing irritation and even 
death (Hallegraeff 1993; Smayda 1997b). Many HAB species produce toxins that result 
in human poisonings, fish kills, and toxicity to other animals. The reasons for microalgal 
toxin production are not definitively known. Proposed roles include a variety of cellular 
functions, inhibition of competitors, grazer deterrents, chemical signals, and evolutionary 
relics (Van Dolah 2000). However, in the case of the toxic diatom Pseudo-nitzschia spp., 
recent research has identified a role for the production and release of the neurotoxic 
amino acid domoic acid (DA) as a part of a high efficiency iron uptake system (Wells et 
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al. 2005). Continued research is likely to identify similar functions for toxins produced by 
other species. 
 The past several decades have witnessed an apparent increase in the frequency, 
intensity, and geographic distribution of HABs worldwide. In discussing this issue, 
Hallegraeff (1993) and Anderson (1994) consider several possible explanations. They 
suggest that these increases could, to some extent, be perceived increases due to the 
heightened awareness of HABs among the scientific community as well as the growth of 
aquaculture activities that has result in increased monitoring of both the waters and the 
fisheries products. Among their possible explanations for actual increases are the 
introduction of HAB species to non-native waters via ballast water, coastal 
eutrophication, and climate change. Whether or not the apparent trend of increasing 
HABs is real, there has been a very real increase in our understanding of activities that 
may lead to increases in HABs and in our knowledge of the risks that HABs can pose to 
both human and environmental health. 
  
Karenia brevis and Brevetoxins 
 Dinoflagellates account for 75% of all HAB species (Smayda 1997a). In Florida, 
the dominant HAB species is the “Florida red tide” dinoflagellate, Karenia brevis (Davis) 
G. Hansen et Moestrup (formerly Gymnodinium breve and Ptychodiscus brevis). Karenia 
brevis blooms almost annually in the eastern Gulf of Mexico (Tester and Steidinger 1997; 
Steidinger et al. 1998b) and repeatedly impacts southwest Florida in particular. While K. 
brevis is usually restricted to the Gulf of Mexico, blooms can be entrained in the Loop 
Current and may then be transported north by the Gulf Stream. As a result, blooms of K. 
brevis occur occasionally on Florida’s east coast, and in 1987 a bloom was transported as 
far north as North Carolina (Tester et al. 1991). Florida red tides typically occur in the 
late summer and fall months, but have been documented in every month (Tester and 
Steidinger 1997; Steidinger et al. 1998b). 
 Observations of historical blooms suggest that K. brevis blooms are initiated 18-
74 km offshore on the West Florida Shelf (Steidinger 1975; Steidinger and Haddad 1981; 
Tester and Steidinger 1997). In the oligotrophic offshore Gulf of Mexico waters, potential 
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nutrient sources for K. brevis include decaying blooms of the nitrogen-fixing cyanophyte 
Trichodesmium and nutrients from upwelled water (Walsh and Steidinger 2001; Walsh et 
al. 2006). Blooms can be transported by currents and winds to shallow nearshore waters, 
where likely sources of nutrients include decaying fish, phosphorus from fossil deposits, 
and coastal runoff (Vargo et al. 2004; Walsh et al. 2006; Vargo et al. 2008). Several other 
Karenia spp. have been identified (Haywood et al. 2004), and increasingly Karenia 
blooms in the Gulf of Mexico are being recognized as assemblages of multiple Karenia 
species, including K. mikimotoi, K. selliformis, and K. papilionacea (Heil et al. 2004; 
Heil et al. 2006; Haywood et al. 2007).  
Karenia brevis is harmful because it produces a family of neurotoxins known as 
brevetoxins (PbTxs). These lipid-soluble polyether toxins exert their neurotoxicity by 
binding to a specific site (designated as site 5) on voltage-sensitive sodium channels 
(VSSCs) (Poli et al. 1986), with half-saturation of binding sites (Kd) at nanomolar 
concentrations. Binding results in opening of sodium channels at normal resting potential, 
a longer mean open time for the sodium channel, and inhibition of sodium channel 
inactivation, which can lead to repetitive firing in nerves (Catterall and Gainer 1985; Poli 
et al. 1986; Baden et al. 1995). Although suspected in other Karenia species, so far 
brevetoxin production has only been conclusively demonstrated from one other Karenia 
species, Karenia concordia, isolated from New Zealand waters (Chang et al. 2006). 
Brevetoxin production was recently documented in a raphidophyte tentatively named 
Chattonella cf. verruculosa (Bourdelais et al. 2002) and subsequently renamed 
Chloromorum toxicum (Giner et al. 2008; Tomas et al. submitted). Production of 
brevetoxins has also been reported, but not structurally confirmed, in several other 
raphidophytes including Chatonella marina (Ahmed et al. 1995), Chatonella antiqua 
(Haque and Onoue 2002), Heterosigma akashiwo (Khan et al. 1997), and Fibrocapsa 
japonica (Khan et al. 1996). However, the overwhelming majority of documented 
brevetoxin-related impacts are the result of K. brevis blooms.  
At least eleven congeners of brevetoxins (PbTx-1, -2, -3, -5, -6, -7, -9, -10, -11, -
12, and -tbm) have been isolated and characterized from K. brevis (Baden et al. 2005) 
(Fig. 1.1). Three additional congeners (PbTx-8, -13, and -14) are believed to be artifacts 
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of the extraction process, not brevetoxins produced by K. brevis. All brevetoxins are 
composed of a series of trans-fused polyether rings with a lactone function on the A-ring, 
a rigid tail region formed by the last four rings, and a spacer region separating the lactone 
from the rigid region (Baden and Adams 2000; Baden et al. 2005). PbTx-1 (10 rings) and 
PbTx-2 (11 rings) are believed to be the two parent toxins from which all other 
brevetoxins are derived via various substitutions on the terminal ring (Fig. 1.1). 
Subsequently, brevetoxins are grouped into two types according to their backbone 
structure. Brevetoxins possessing the 10-ring backbone of PbTx-1 are termed A-type, 
Type 2, or PbTx-1-type toxins. Those possessing the 11-ring backbone of PbTx-2 are 
called B-type, Type 1, or PbTx-2-type toxins. To maintain clarity, “PbTx-1-type” and 
“PbTx-2-type” will be used in this discussion. Although PbTx-1-type toxins are more 
potent, the PbTx-2-type toxins are much more abundant (Risk et al. 1979; Baden and 
Mende 1982; Shimizu et al. 1986; Baden and Tomas 1988; Baden 1989). Acute toxicity 
to mice expressed as the 24 hour LD50 following intraperitoneal (i.p.) injection for PbTx-
2 and PbTx-3, the most abundant brevetoxins, are 0.20 mg/kg and 0.17 mg/kg, 
respectively (Baden and Mende 1982). The recent discoveries in both culture and bloom 
material of oxidized forms of PbTx-1 and PbTx-2 (Plakas et al. 2004) as well as several 
brevetoxins with open A-rings (Abraham et al. 2006) have further increased the number 
of known brevetoxin structures. 
Brevetoxins were first described as a ciguatera-like poison by McFarren et al. 
(1965) as a result of investigations into human illnesses that occurred during a December 
1962 southwest Florida red tide. This characterization was based on the symptoms 
observed in mouse bioassays of extracted shellfish. The toxins were first successfully 
purified and characterized by two groups in the late 1970s (Baden et al. 1979; Risk et al. 
1979). Earlier reports were put forth by various research groups on the properties of K. 
brevis toxins, but contained conflicting descriptions as well as inconsistent molecular 
masses and elemental compositions (refs. cited in Baden et al. 1979, Baden 1983, and 
Risk et al. 1979). Theses discrepancies were possibly the result of multiple compounds 
with differing bioactive properties (ichthyotoxic, hemolytic), multiple toxins, different 
protocols extracting different brevetoxins or modifying the structure of unstable 
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compounds, or impurities in the preparation (Baden et al. 1979; Risk et al. 1979). 
Ultimately, using thin layer chromatography (TLC) fractionation and high pressure liquid 
chromatographic separation (HPLC) coupled with fish bioassays, Risk et al. (1979) and 
Baden et al. (1979) succeeded in purifying three brevetoxins. Risk et al. (1979) reported 
two toxic fractions from (then) Gymnodinium breve designated T46 (PbTx-1) and T47 
(PbTx-2), while Baden et al. (1979) described two toxins designated T17 (PbTx-3) and 
T34 (PbTx-2). By 1981, structural determination of one brevetoxin (brevetoxin B, T47, 
T34, or PbTx-2) was accomplished (Lin et al. 1981), and a report of the structures of 
several more PbTx-2-type toxins quickly followed (Chou and Shimizu 1982; Golik et al. 
1982; Chou et al. 1985). The structural identification of the second backbone structure 
exhibited by brevetoxin A (T47 or PbTx-1) was reported by Shimizu et al. in 1986. 
Additional congeners were identified in the 1980’s and were renamed PbTx-1 through 
PbTx-9 for Ptychodiscus brevis toxins, in accordance with the nomenclature for K. brevis 
at that time (Poli et al. 1986). This naming convention has been retained as shorthand for 
polyether brevetoxins but has not been universally adopted. Some other abbreviations 
(e.g. GB toxin, BTX) have been or are still used.  
In addition to parent toxins PbTx-1 and PbTx-2 and their natural derivatives 
found in seawater and culture, K. brevis also produces brevenal, a five-ring trans-fused 
polyether molecule that is a brevetoxin antagonist (Bourdelais et al. 2004). Brevenal 
suppress the toxic effects of brevetoxins by inhibiting brevetoxins from binding to site 5 
on VSSCs, presumably as a result of competition for the binding site (Bourdelais et al. 
2005). Prasad and Shimizu (1989) also described three four-ring trans-fused polyethers, 
termed hemi-brevetoxins, which are similar to brevenal but have not been reported to be 
brevetoxin antagonists. Brevenal and hemi-brevetoxins may be incomplete products of 
the brevetoxin synthesis pathway (Ramsdell 2008). 
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Figure 1.1  Brevetoxin backbone structures and congeners identified from K. brevis. 
*Newly identified brevetoxins (Bourdelais and Baden 2004; Baden et al. 2005).
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Metabolism of Brevetoxins 
As brevetoxins pass from K. brevis, seawater, and aerosols into other living 
organisms, the more reactive congeners are transformed into brevetoxin metabolites. 
Most research to date on the metabolism of brevetoxins has focused on the modifications 
that occur in bivalve shellfish. Metabolites found in bivalves are the products of 
reduction, oxidation, and conjugation to adducts including taurine, cysteine, cysteine 
sulfoxide, amino acids and fatty acids, with close to 30 metabolites identified thusfar 
from shellfish tissue (Morohashi et al. 1995; Murata et al. 1998; Morohashi et al. 1999; 
Nozawa et al. 2003; Ishida et al. 2004; Plakas et al. 2004; Wang et al. 2004; Ishida et al. 
2006). Most modifications to the molecule occur at the side chain on the terminal ether 
ring that differentiates the brevetoxin congeners, resulting in a somewhat simplified 
assortment of conjugates with either a PbTx-1-type or PbTx-2-type of backbone. These 
structural modifications are believed to be part of a detoxification strategy. Information 
on potency is lacking for most metabolites. However, acute toxicity to mice has been 
reported for some, and brevetoxin metabolites have been shown to contribute to NSP 
toxicity (Ishida et al. 1996; Morohashi et al. 1999; Poli et al. 2000; Nozawa et al. 2003; 
Plakas et al. 2004). A minimum LD50 (i.p.) of 0.306 mg/kg was reported for cysteine-
PbTx-B-sulfoxide (BTX-B2) (Murata et al. 1998). Ishida et al. (2004) reported a similar 
minimum LD50 of 0.3-0.5 mg/kg for oxidized PbTx-2 (PbTx-COOH or BTX-B5). BTX-
B3 isolated from greenshell mussels (Perna canaliculus) in New Zealand was found to be 
nontoxic at a dose of 0.3 mg/kg (Morohashi et al. 1995). A few shellfish metabolites have 
demonstrated higher toxicities than PbTx-3. The mouse lethality by i.p. injection of BTX-
B4, also isolated from greenshell mussels, was estimated to be 0.1 mg/kg (Morohashi et 
al. 1999), and the N-taurine conjugate BTX-B1 isolated from the New Zealand cockle 
(Austrovenus stutchburyi) exhibited a minimum lethal dose of  0.05 mg/kg (Ishida et al. 
1995).  Recently, investigators have begun working with semi-synthesized brevetoxin 
derivatives to try to address the questions regarding their potencies. LD50s for semi-
synthesized cysteine-PbTx-B and cysteine-PbTx-B-sulfoxide (BTX-B2) were reported to 
be 0.211 mg/kg and 0.400 mg/kg, respectively (Selwood et al. 2008). The latter value 
suggests a lower potency than that reported by Murata et al. (1998), and the investigators 
8 
suggest it may be the result of differences in the fasting state of the mice used. Using 
RBA and cytotoxicity assays, lower potencies than that of PbTx-3 have been reported for 
semi-synthesized cysteine-PbTx-B and cysteine-PbTx-B-sulfoxide (Bottein Dechraoui et 
al. 2007). Similar in vitro comparisons of the open A-ring derivatives of PbTx-2 and 
PbTx-3 determined their potencies were greatly reduced compared to their closed A-ring 
counterparts (Roth et al. 2007). Relative potencies assessed by mouse bioassay and such 
alternate in vitro methods do not always agree, suggesting that factors other than sodium 
channel affinity also contribute to toxicity in vivo (Selwood et al. 2008). 
Knowledge about metabolism of brevetoxins in other organisms including 
mammals is also progressing. By exposing rats via intravenous (i.v.) administration to 
radiolabelled PbTx-3, Poli et al. (1990) provided the first demonstration of in vivo 
brevetoxin metabolism in mammals. Using TLC to analyze rat feces, they found several 
fractions with radiolabel that did not correspond to PbTx-3, and suggested that the liver 
was the major organ of metabolism with biliary excretion as an important route of 
elimination. Similar results were obtained by Kennedy et al. (1992) when they exposed 
gulf toadfish (Opsanus beta) to radiolabelled PbTx-3. Since then, in vivo and in vitro 
studies on fish and rats have found some of the metabolites initially identified from 
shellfish (Radwan et al. 2005; Radwan and Ramsdell 2006; Naar et al. 2007). Currently 
this is a very active branch of brevetoxin research, with recent studies proposing new 
mammalian brevetoxin metabolite structures and pathways (Radwan et al. 2005; Radwan 
and Ramsdell 2006; Abraham et al. 2008), adding to the already complex picture of the 
brevetoxins. 
 
Effects of Brevetoxins on Human Health 
During a bloom, many species of filter-feeding bivalves ingest K. brevis cells and 
efficiently concentrate brevetoxins in their tissues. Ingestion of contaminated shellfish by 
humans can result in Neurotoxic Shellfish Poisoning (NSP) (McFarren et al. 1965; Music 
et al. 1973; Hemmert 1975). To protect the public from NSP, shellfish harvesting areas in 
Florida coastal waters are closed when K. brevis cell counts exceed 5,000 cells per liter, 
and are reopened only after counts have dropped below this threshold and shellfish 
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toxicity assessed by regulatory mouse bioassay has been determined to be less than 20 
mouse units per 100 g of meat, the level considered safe for human consumption (NSSP 
2005). Since the state of Florida began its monitoring program in 1970, no cases of NSP 
have been recorded from consumption of legally harvested shellfish. Of course, illegal 
harvest does take place and results in periodic outbreaks of this seafood poisoning, as 
occurred in 2006 during which 17 NSP cases were documented (Watkins et al. 2007). 
NSP symptoms typically begin 3-6 hours after ingestion, but can be sooner, and include 
nausea, diarrhea, paresthesias, tingling of lips or tongue, muscle ache, lack of 
coordination, temperature reversal (cold feels hot), and vertigo (Morris et al. 1991; Baden 
et al. 1995). In severe cases, a feeling of constriction in the throat may occur. Recovery is 
usually complete within days. Although there have been no recorded human deaths 
attributed to brevetoxin exposure, a small number of patients suffering from NSP have 
been put on ventilatory support (Hemmert 1975; Watkins et al. 2008) and might have 
died without adequate supportive care. The possibility of human death due to brevetoxin 
exposure can not be ruled out.  
Brevetoxins can also affect humans who inhale the toxins. Reports of respiratory 
irritation concurrent with discolored water and fish kills are well documented. Even 
before the toxins had been identified, Woodcock (1948) demonstrated a link between 
vapors of water containing the red tide organism and reversible respiratory irritation. 
Karenia brevis is an unarmored dinoflagellate, and it is generally thought that waves, 
wind, and other turbulence in the ocean lyse K. brevis cells, resulting in brevetoxin-
contaminated particles (Pierce 1986). Bubbles help to transport brevetoxins associated 
with cell fragments or other particles in the water to the sea surface, where they can be 
aerosolized as the bubbles burst (Pierce et al. 1990) and then transported onshore by 
winds (Pierce 1986; Cheng et al. 2005). Brevetoxin aerosol concentrations are primarily 
dependent on the toxin concentrations in the seawater and the wind speed and direction 
(Cheng et al. 2005). When expressed as the concentration in the aqueous component of 
aerosol, brevetoxin concentrations can be enriched as much as 50 times compared to the 
seawater (Pierce et al. 1990), but brevetoxin concentrations per volume of air are much 
lower than the concentrations per volume of seawater from which the aerosol was 
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generated. For example, Pierce et al. (1989) reported a concentration of PbTx-2+3 in K. 
brevis bloom water of 200 μg/L of seawater and a corresponding aerosol concentration of 
160 ng/m3 of air. Similarly, in a more recent study, they reported concentrations of PbTx-
1+2+3 of up to 14 μg/L in seawater and corresponding brevetoxin concentrations of up to 
33 ng/m3 of air (Pierce et al. 2005). In many cases, symptoms are alleviated soon after 
leaving the beach area or entering air conditioning. However, a recent study by 
Kirkpatrick et al. (2006) documented an increase in emergency room admissions for 
respiratory-related illnesses in coastal residents during a 3-month K. brevis bloom period 
compared to the same time frame in a year without a bloom, suggesting that the effects of 
respiratory exposure to brevetoxins may be longer-lived than previously thought. More 
severe symptoms are possible in sensitive populations (e.g. infants or elderly people) or 
individuals with lung disease such as asthma or chronic obstructive pulmonary disease 
(Fleming et al. 2005).  
The neurotoxic mode of action of brevetoxins is the best-studied, but effects on 
other systems in the body have been observed and additional receptors are suspected. 
Because pulmonary effects are observed at brevetoxins concentrations 1,000 times lower 
than what is required to produce neuronal effects, a separate pulmonary receptor is 
suspected (Abraham et al. 2005; Baden et al. 2005). Also various analogues of the semi-
synthetic brevetoxin antagonist, ß-naphthoyl-brevetoxin, bound to rat brain synaptosomes 
with similar affinities yet resulted in very different bronchoconstrictor effects in sheep, 
further suggesting a separate binding site in lung tissues (Michelliza et al. 2007).  
Impacts on the immune system and the mechanisms by which brevetoxins may 
impair immune function are also being studied. Brevetoxins have been shown to inhibit 
cathepsins (Sudarsanam et al. 1992; Baden et al. 2005). Cathepsins are proteases 
responsible for carrying out the first step of the immune response, processing antigens to 
antigenic epitopes (Katunuma et al. 2003), and interference may lead to suppression of 
the immune system. Suppressed antibody production by splenic lymphocytes (but no 
neurotoxic effects) was observed in rats repeatedly exposed via inhalation to crude 
extracts of K. brevis and to pure PbTx-3 over periods of days to weeks (Benson et al. 
2004a; Benson et al. 2004b; Benson et al. 2005). Benson et al. (2005) suggested 
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cathepsin inhibition as a likely mechanism as there was no evidence of overt cytotoxicty 
to the splenocytes. In vitro experiments using leukemic T cells (Jurkat) demonstrated 
decreases in cellular metabolic activity and viability, and an increase in apoptosis in cells 
exposed to brevetoxins PbTx-2 and PbTx-6 (Walsh et al. 2008). These cellular effects 
were either decreased or absent in cells exposed to PbTx-3.  
Potential genotoxic effects are currently being investigated as well. Sayer et al. 
(2005) found that brevetoxins can cause single-stranded and double-stranded DNA 
breaks in human lymphocytes, which could also presumably impair the immune system. 
In this study, DNA damage was prevented as well as reversed by treatment with the 
brevetoxin antagonist, brevenal. Chromosomal aberrations and a decrease in cell 
proliferation were documented in Chinese hamster ovary cells (CHO-K1-BH4) exposed 
to brevetoxins (Sayer et al. 2006). These effects were also partially mitigated by 
treatment with brevanal. Recently, in vitro studies by Radwan and Ramsdell (2008) have 
demonstrated that PbTx-2 is capable of binding to nucleic acids and producing nucleotide 
adducts, a common initiation step for carcinogenesis.  
 
Brevetoxin Impacts on Fish and Wildlife 
Brevetoxins have profound impacts on aquatic animals. The most affected are 
fish, with massive fish kills documented as far back as 1844 (Ingersoll 1882) and 
observed almost annually during K. brevis blooms for over 40 years in the Gulf of 
Mexico (Landsberg 2002). Often this is the only noticeable effect of K. brevis blooms. 
The extensive fish kills that occur during red tides are indeed the reason that red tides 
were so well documented in the Gulf of Mexico a full century before the causative 
organism was ever identified (Feinstein et al. 1955). The profound ichthyotoxicity is also 
the primary characteristic of brevetoxins used by researchers to guide them to its 
purification (Baden et al. 1979; Risk et al. 1979). Baden (1989) listed 24-hr fish bioassay 
LD50s of brevetoxin congeners ranging from 3-5 nM for PbTx-1-type brevetoxins to 10-
37 nM for PbTx-2-type brevetoxins. The ichthyotoxicity of brevetoxins varies with life 
stage (Landsberg 2002) and routes of exposure (Starr 1958; Naar et al. 2007). Although 
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not yet addressed in any studies, it is possible that there are different tolerance levels 
among fish species. 
In addition to fish kills, brevetoxins have also been associated with mortalities of 
most aquatic animals. Although most species of bivalves appear unaffected by K. brevis 
blooms, bay scallops (Argopecten irradians) seem less impervious to the effects of red 
tides. Bay scallop mortalities have occurred during red tides (Shumway 1990; Landsberg 
2002), and an almost total recruitment failure of bay scallops was documented during the 
only K. brevis bloom to impact North Carolina coastal waters (Summerson and Peterson 
1990). Leverone (2006) demonstrated dramatically reduced survival of bivalve larvae 
(hard clams, Mercenaria mercenaria; oysters, Crassostrea virginica; and bay scallops, A. 
irradians) upon exposure to K. brevis concentrations of 1,000-5,000 cells/mL. Mortalities 
of other invertebrates such as shrimp, sponges, sea urchins, and crabs have occurred as 
well (Steidinger et al. 1973; Landsberg 2002),  but it is not known whether these 
mortalities reflect toxicity of brevetoxins to the organisms or are the result of hypoxic or 
anoxic conditions resulting from the bloom. Many records exist recounting bird 
mortalities during K. brevis red tides (Quick and Henderson 1974; Forrester et al. 1977; 
Kreuder et al. 2002; Landsberg et al. 2007; Landsberg et al. in press), as well as increased 
mortalities and strandings of sea turtles (Landsberg 2002; Redlow et al. 2002; Fauquier et 
al. in prep; Landsberg et al. in press). 
 
Brevetoxin-related Marine Mammal Mortalities 
Despite a long history of red tide and fish kills in the Gulf of Mexico, records of 
marine mammal mortalities occurring coincident with a red tide bloom are comparatively 
scarce. At least 28 species of marine mammals are found in the Gulf of Mexico, 15 of 
which are classified as “common” (Würsig et al. 2000). The most often encountered 
species along the Florida Gulf coast are Florida manatees (Trichechus manatus 
latirostris, a subspecies of the West Indian manatee) and bottlenose dolphins (Tursiops 
truncatus). Other common marine mammals in Florida Gulf waters include Atlantic 
spotted dolphins (Stenella frontalis), pygmy sperm whales (Kogia breviceps), and dwarf 
sperm whales (K. sima) (Reynolds and Wells 2003). 
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The first record of marine mammal mortalities hypothesized to be a result of red 
tide in the Gulf of Mexico is from 1946-47 (Gunter et al. 1948). From November 1946 to 
August 1947, an intense bloom persisted off the southwest coast of Florida and the 
Florida Keys. Mass mortalities of marine animals were associated with this bloom 
including an estimated 50 million fish, bivalves, crabs, shrimp, barnacles, and bottlenose 
dolphins (Gunter et al. 1948; Landsberg 2002). The earliest suggestion of possible red 
tide-related manatee mortalities was made by Layne (1965) in his reference to the deaths 
of seven manatees in Lee County in late March and early April and an eighth in early 
May, 1963. These mortalities occurred during a red tide that also resulted in a number of 
human illnesses (McFarren et al. 1965).  
 More extensive and better documented marine mammal mortalities have occurred 
within the last three decades. In 1982, between February and April, 39 manatees died in 
Lee County, and numerous sick manatees were observed (O'Shea et al. 1991). A K. 
brevis bloom was present in the area at the onset of the event, but the mortality event 
continued for another three weeks after the bloom subsided in late March. Incidental 
ingestion of toxic filter-feeding tunicates attached to seagrass was believed to be the 
primary source of brevetoxin (O'Shea et al. 1991). A similar, but much larger-scale event, 
occurred during a red tide bloom in 1996. In this case there were fewer reports of sick 
manatees, but an unprecedented 149 manatee deaths were recorded between March and 
May. Manatees were recovered in areas with high cell concentrations, and the end of the 
mortality event closely followed the dissipation of the bloom (Landsberg and Steidinger 
1998). The stomach contents of several animals were found to be toxic (Van Dolah et al. 
2003), but brevetoxin-specific immunohistochemical techniques suggested that inhalation 
was also an important route of exposure (Bossart et al. 1998).  
Since the identification of the red tide organism and its toxins, there have also 
been two notable mass mortalities of bottlenose dolphins that were suspected to be red 
tide-related. Brevetoxins were hypothesized to have played a role in an extensive and 
prolonged stranding event along the U.S. Atlantic coast in 1987-1988 involving more 
than 740 bottlenose dolphins (Geraci 1989). This event occurred during the year in which 
a red tide was transported out of the Gulf of Mexico via the Loop Current and carried 
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northward in the Gulf Stream (Tester et al. 1991). Numerous other physiological stressors 
and high contaminants were also documented in the dolphins, resulting in a lack of 
consensus with regard to the ultimate cause of death and the extent to which brevetoxins 
may have been involved. Nonetheless, the National Marine Fisheries Service (NMFS) 
estimated that this mortality represented a decline of more than 50% of the coastal 
migratory stock of bottlenose dolphins along the U.S. mid-Atlantic coast, and 
subsequently designated this population as “depleted” according to the Marine Mammal 
Protection Act (58 FR 17789, April 6, 1993), a status that remains unchanged. 
 More direct evidence for the involvement of brevetoxins was obtained during the 
investigation into a mass mortality of more than 120 bottlenose dolphins in the Florida 
Panhandle between August 1999 and February 2000. In this case, two peaks of dolphin 
strandings occurred coincident with K. brevis blooms in the area (Van Dolah et al. 2003). 
Brevetoxins were measured in multiple tissues as well as stomach contents of some 
dolphins, but only 29% of the stranded animals tested were positive for brevetoxins (Van 
Dolah et al. 2003). As no indications of any other potential contributing factors (e.g. 
infectious disease) were identified, investigators concluded that this event was “most 
likely the result of brevetoxin intoxication” with the route of exposure “most likely 
through both inhalation and ingestion” (Mase et al. 2000). 
Acceptance of the concept that brevetoxins could be lethal to marine mammals 
has not been easily won, in part because there have been no documented cases of human 
deaths attributed to brevetoxin exposure. Another reason is that blooms occur almost 
annually along Florida’s southwest coast, yet mass marine mammal mortalities have been 
extremely rare. Following the 1996 manatee mortality and 1999-2000 dolphin mortality, 
resistance to this notion has eased. However, an understanding of the mechanisms that 
lead to these unusual events has been complicated by the multiple ways marine mammals 
can be exposed to brevetoxins. Routes of exposure for marine mammals include direct 
exposure to bloom water, ingestion of brevetoxins in bloom water or in other organisms 
in which the toxin has bioaccumulated, or inhalation of aerosolized toxins. Human 
intoxications are characteristically the result of ingestion of bivalves that have 
concentrated brevetoxins in their tissues. The typical diets of herbivorous manatees and 
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piscivorous dolphins do not include species well-known to accumulate brevetoxins. In 
1982, the abundance of filter-feeding tunicates in the gastrointestinal tracts of the 
recovered manatees and in seagrass beds in the area where mortalities were occurring 
provided a vector for brevetoxins to the manatees and an explanation for the continued 
mortalities after the bloom had dissipated. While tunicates collected in the area were 
toxic by NSP mouse bioassay, this hypothesis could not be proven at the time with 
laboratory experiments exposing tunicates to K. brevis (FWC-FWRI, formerly FDNR 
Marine Research Lab, unpublished data). Dolphins are piscivores, and fish are killed en 
masse during K. brevis blooms. During the investigation into the 1999-2000 dolphin 
mortality, the stomach contents (fish) of some stranded animals were found to contain 
brevetoxins, but toxins were only detected in 29% of the 24 animals tested (Van Dolah et 
al. 2003) and the presence of the K. brevis bloom during the event allowed for other 
potential routes of exposure. Although hypothesized in 1987-88, very few samples were 
analyzed, dietary exposure was confirmed in only one dolphin, and the ability of fish to 
accumulate high and potentially lethal levels of brevetoxins was not proven.  
The primary obstacle to establishing the connection between marine mammal 
mortality events and K. brevis blooms has been a lack of appropriate brevetoxin testing 
methods. The methods used to investigate the 1982 manatee mortality and the 1987-88 
dolphin mortality (i.e. mouse bioassay, fish bioassay-guided TLC, and in 1987-88 HPLC-
UV) were the best available at the time but were not definitive for brevetoxins. 
Advancements in detection methods occurred in the period prior to the 1996 manatee 
mortality. That investigation benefited greatly from the newly-developed receptor 
binding assay (RBA) (Poli et al. 1986) and immunohistochemical technique (Bossart et 
al. 1998). The latter was then used to retrospectively examine tissues from the 1982 
manatee mortality and provided evidence in support of brevetoxins as the causative agent 
(Bossart et al. 1998). By the 1999-2000 dolphin mortality, high throughput RBAs (Van 
Dolah et al. 1994) and liquid chromatography-mass spectrometry (LC-MS) methods (Hua 
et al. 1995; Hua et al. 1996) improved both sensitivity and specificity, allowing for more 
definitive confirmation of marine mammal exposure to brevetoxins. However, both 
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dolphin mortality investigations were weakened by a lack of adequate samples and an 
insufficient number of analyses to provide convincing results.  
Nevertheless, as each of these events has occurred, evidence – both circumstantial 
and, more recently, direct – has accumulated to support the connection between red tides 
and marine mammal mortalities. The development of rapid and sensitive toxin assays has 
increased both the quality of the testing and the quantity of animals and tissues that can 
be tested. The recent development of a brevetoxin-specific ELISA (Naar et al. 2002) has 
provided an improvement over the receptor-binding assay, yielding better sensitivity with 
fewer matrix effects. Both RBAs and ELISAs have become standard tools in the HAB 
laboratory of the Florida Fish and Wildlife Conservation Commission’s Fish and Wildlife 
Research Institute (FWC-FWRI). Having these capabilities within the agency responsible 
for conserving the wildlife resources in Florida has enabled the direction of more 
intensive efforts towards investigations of marine mammal mortality events occurring in 
Florida waters and more thorough environmental investigations. Such efforts are largely 
responsible for the data presented in this study. 
Since the dolphin mortality of 1999-2000, two separate mass mortality events (of 
manatees in 2002 and bottlenose dolphins in 2004) have occurred that have provided 
unique opportunities to make a clear connection between ingested brevetoxins and 
marine mammal mortalities without the confounding issues of concurrent exposure 
through direct contact or inhalation. In the following chapters, I will present data from 
these two events that implicate ingested brevetoxins as the causative agent, and the 
environmental evidence that illustrates how marine mammals can be exposed to lethal 
levels of brevetoxins even when separated in time and space from the K. brevis bloom 
that was the source of the toxins.  
 
17 
 
 
 
 
Chapter 2. Confirmation of Manatee Exposure to Brevetoxins  
During the 2002 Manatee Mortality Event 
 
Introduction 
The endangered Florida manatee (Trichechus manatus latirostris) is a subspecies 
of the West Indian manatee (T. manatus, Linnaeus 1758) that is native to Florida’s 
coastal and riverine habitats (Reynolds and Powell 2002). The distribution of the Florida 
manatee is heavily influenced by temperature. They are widely dispersed in warm 
weather, and can occur as far north as Virginia and as far west as Texas in the summer 
months. In cold weather, they migrate south and seek areas of natural or artificial warm 
water, where they aggregate in large numbers (Reynolds and Powell 2002). Thermal 
stress in manatees occurs when they are exposed to low temperature waters, and 
prolonged exposure to temperatures below 20°C can cause death (Bossart 2002; Reep 
and Bonde 2006).  
Manatees are at risk from a number of anthropogenic factors and natural events. 
The greatest human contributor to manatee mortalities is watercraft collisions (FWC 
2007b), accounting for 24.5 % of determinable manatee deaths between 1974 and 2001 
(Fig. 2.1). Other human-related causes of manatee mortalities include entrapment in 
water control structures, crushing or asphyxiation in flood gates and canal locks, 
entanglement, incidental ingestion of debris, and loss of warm water habitat (FWC 
2007b; Runge et al. 2007b). Natural hazards include hurricanes and disease, but the most 
consistent naturally occurring threat is extreme cold weather, with cold stress blamed for 
4% of manatee mortalities in the last three decades (Fig. 2.1). A combination of risk 
factors may also result in negative synergistic effects. For example, the effects of one 
stressor may result in increased susceptibility to another stressor. Often the cause of death 
is undetermined for the largest percentage of manatee mortalities. 
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Figure 2.1. Causes of manatee deaths in Florida from 1974 to 2001. Graph was created 
using data provided by the FWC-FWRI Marine Mammal Pathobiology Laboratory (n = 
4,368). Cold stress includes 10 perinatal deaths in which cold stress was suspected. 
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 Brevetoxins produced by Karenia brevis, the Florida red tide dinoflagellate, have 
also been responsible for large numbers of manatee mortalities in southwest Florida. In 
1982, from February through April, 39 manatees died in the Caloosahatchee River and its 
estuary in southwest Florida. Several others were found sick, exhibiting neurological 
symptoms such as disorientation, inability to submerge or maintain a horizontal position, 
spasms, lip flaring, and difficulty breathing (O'Shea et al. 1991). High mortality and 
morbidity of double-crested cormorants was also noted in the area at the same time. High 
concentrations of K. brevis were present in the area from January through March, but the 
mortality event continued for three weeks after the dissipation of the bloom. In almost all 
manatees necropsied, stomachs and gastrointestinal tracts were full, and most contained 
filter-feeding ascidians (tunicates). Incidental ingestion of toxic tunicates attached to 
seagrass was believed to be the primary source of brevetoxin exposure, but definitive 
analytical evidence to support this hypothesis was not obtained (O'Shea et al. 1991). 
In 1996, coincident with a K. brevis bloom, the still-unsurpassed largest mass 
mortality of manatees occurred in the same region of southwest Florida. In this case, 
there was a strong correlation between the appearance and disappearance of K. brevis at 
high concentrations and the beginning and the end of the mortality event (Landsberg and 
Steidinger 1998). Fewer sick manatees were noted, but an unprecedented number of 
manatees died (n = 149). Manatees were recovered in areas with high cell concentrations 
and environmental conditions conducive to aerosolization of brevetoxins (Landsberg and 
Steidinger 1998). Brevetoxins were detected in the stomach contents of several animals 
(Van Dolah et al. 2003). Brevetoxin measured in the lung tissue and results of 
brevetoxin-specific immunohistochemical techniques suggested that inhalation was an 
additional route of exposure (Bossart et al. 1998). The end of the 1996 mortality event 
more closely followed the dissipation of the bloom.  
These two mortality events alone represent three-fourths of the presumed red tide-
related manatee deaths and account for more than 4% of the total number of manatee 
deaths between 1974 and 2001 (Fig 2.1). Landsberg and Steidinger (1998) recognized the 
ecological and environmental factors that were common to these mass mortality events as 
well as seven manatee deaths in 1963 (Layne 1965). Allowing for the possibility of 
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isolated manatee deaths any time a K. brevis red tide occurs, they hypothesized that there 
is a high risk of manatee mortalities on an epizootic scale if K. brevis is present at bloom 
concentrations in the months of February through April as the Gulf of Mexico warms and 
manatees begin to disperse in large numbers from their winter congregations. A second 
critical factor is the salinity within intracoastal waters. Since K. brevis typically prefers a 
salinity range typical of coastal or oceanic waters, i.e. >24 (Steidinger et al. 1998b), 
salinity must be sufficiently high to allow K. brevis to move inshore. In 1996, K. brevis 
concentrations were low (<105 cells/L) at salinities below 27.9 (Landsberg and Steidinger 
1998). 
The confluence of these two events – an inshore K. brevis bloom and the end of 
manatee over-wintering – has prefaced the manatee mortality events documented in 1963, 
1982, and 1996. These conditions were again realized in 2002.  
The K. brevis bloom of early 2002 was actually the continuation of a persistent 
bloom that had been impacting southwest Florida since late August 2001. Throughout 
January 2002, K. brevis was present both inshore and offshore between Manatee and 
Collier counties. Karenia brevis cell concentrations queried from FWC’s  Harmful Algal 
Bloom database ranged from low (< 105 cells/L) to high (> 106 cells/L), with high 
concentrations localized to an area approximately 15 miles offshore, west of Charlotte 
Harbor. By mid-February, medium (105 - 106 cells/L) to high cell concentrations were 
widespread in nearshore waters with populations moving into the Intracoastal waterways 
and the north end of Charlotte Harbor (Fig. 2.2A). In early March 2002, cell 
concentrations dropped from high levels and K. brevis was present at medium levels 
around Charlotte Harbor and Pine Island Sound (Fig. 2.2B). By March 10th the bloom 
had dissipated to a large extent and K. brevis was present primarily at low levels (Figs. 
2.2C, D). 
In mid-March 2002, manatee deaths greatly increased along the coasts of 
Sarasota, Charlotte, Lee, and Collier counties, with mortalities continuing throughout 
April. Between March 10 and May 1, a total of 43 manatees deaths were recorded 
between Manatee and Collier counties (Fig. 2.3), with the majority (n = 31) occurring 
between March 10 and April 6 (Fig. 2.4). Three of these manatees were killed by 
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watercraft collision, three were the victims of cold stress, and one died at birth. For the 
remaining 36, the cause of death could not be immediately determined.  
Necropsies were conducted at the FWC-FWRI Marine Mammal Pathobiology 
Laboratory on most of the recovered manatee carcasses. A number of non-specific gross 
findings such as congestion of the nasopharyngeal mucosa; wet heavy lungs with mucus 
or froth-filled bronchi; and bleeding on cut surfaces of lungs, liver, and kidney had also 
been noted in the past events and were consistent with brevetoxicosis (FWC 2007a). 
Despite the history of mass mortalities of manatees in this area associated with K. brevis 
blooms, these findings were initially confounding as the K. brevis bloom dissipated at the 
same time the mortalities began (Figs. 2.2C, D) and was temporally separated from the 
majority of manatee carcasses. A newly-developed enzyme linked immunsorbent assay 
(ELISA) for brevetoxins (Naar et al. 2002) was used to investigate whether, and to what 
extent, these manatees had been exposed to brevetoxins. 
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Figure 2.2. Karenia brevis cell concentrations in 2002 seawater samples collected A) 
February 10–March 1, B) March 2-9, C) March 10-16, and D) March 17-23. Cell 
concentrations were queried from FWC’s Harmful Algal Bloom database, which contains 
all K. brevis statewide monitoring data. 
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Figure 2.3. Locations of manatee carcasses reported in Southwest Florida between March 
10 and May 1, 2002. Map was created using data provided by the FWC-FWRI Marine 
Mammal Pathobiology Laboratory. 
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Figure 2.4. Number of manatee carcasses reported per week in Manatee, Sarasota, 
Charlotte, Lee, and Collier counties from March 3 to May 4, 2002. Graph was created 
using data provided by the FWC-FWRI Marine Mammal Pathobiology Laboratory. 
24 
25 
Methods 
Frozen and individually-stored manatee tissues were provided by the FWC-FWRI 
Marine Mammal Pathobiology Lab and were frozen at -20°C until extracted and 
analyzed. For each manatee analyzed the sex, length, location, and the date the carcass 
was reported are detailed in Appendices A-D (data provided by the FWC-FWRI Marine 
Mammal Pathobiology Laboratory).  
Selected tissues and stomach contents from 26 red tide-suspect manatee carcasses 
recovered between March 15 and April 30, 2002 were analyzed for brevetoxins 
(Appendix A). Tissue types varied but for most animals included liver (n = 24), kidney (n 
= 22), urine (n = 22), and stomach contents (n = 26). Lung tissue was collected from 25 
manatees, and in 10 cases included both caudal and cranial lung tissue. Fat tissue was 
collected from 21 manatees, and in eight cases included abdominal, epicardial, and 
subdermal fat. Less-regularly sampled tissue types included heart (n = 11) and brain (n = 
12).  
A limited number of similar tissue samples archived from the 1996 mortality 
event were available and were analyzed for comparison. Sample types included liver (n = 
2), lung (n = 4), and stomach contents (n = 13). A large number of samples of duodenal 
contents (n = 50) from 1996 were available as well (Appendix B). These samples were 
also tested, but no comparable samples from the 2002 manatees were available. In total, 
samples from 61 manatees from the 1996 mortality were tested. 
To assess potential body burdens or background levels of brevetoxins in manatees 
from southwestern Florida, tissues from 11 watercraft-related mortalities were analyzed 
(Appendix C). Three of these manatees were recovered during the mortality event (April) 
and eight were recovered in subsequent months (May–September). Liver (n = 11), kidney 
(n = 7), lung (n = 8), fat (n = 3), stomach contents (n = 11), and urine (n = 5) were 
analyzed. Tissues and stomach contents from eight manatees recovered on Florida’s east 
coast, where K. brevis blooms are historically rare, served as negative controls to evaluate 
sample matrix effects (Appendix D). Sample types included liver (n = 8), kidney (n = 7), 
lung (n = 8), urine (n = 6), stomach contents (n = 6), heart (n = 3), fat (n = 3), and brain 
(n = 2).  
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Acetone (ACS grade), hexane (ACS grade), sulfuric acid, and SuperBlock 
blocking buffer (Pierce) were purchased from Fisher Scientific (Pittsburgh, PA). O-
phenylenediamine (OPD), phosphate buffered saline (pH 7.4, PBS), Tween 20, and 
gelatin were purchased from Sigma-Aldrich (St. Louis, MO). ELISA reagents (PbTx-3 
positive control, bovine serum albumin-linked brevetoxin, goat anti-brevetoxin 
antibodies, biotinylated rabbit anti-goat secondary antibodies, and horseradish 
peroxidase-linked streptavidin) were purchased from the University of North Carolina at 
Wilmington, and were diluted as instructed with PBS prior to use. 
Manatee tissues and stomach contents were thawed, homogenized, and a single 
subsample of each (2.5 g) was weighed into a 25-mL centrifuge tube (BD Falcon™). 
Brevetoxins were immediately extracted using 100% acetone (4 mL/g tissue). 
Homogenates were centrifuged (10 minutes at 3,200 x g), the supernatants were retained, 
and the pellets were extracted a second time in the same manner. The supernatants were 
pooled and evaporated to dryness. The extracts were then re-dissolved in 80% aqueous 
methanol and partitioned twice with 100% hexane (1:1 v:v). The methanol fraction was 
evaporated to dryness and re-dissolved in 100% methanol. Urine samples (≤ 1 mL) were 
applied to C18 SPE cartridges (Supelco, 500 mg, 3 mL) that had been pre-conditioned 
with 6 mL of 100% methanol and then 6 mL of deionized (DI) water. After passing the 
urine through the columns, the columns were washed with 6 mL DI water and toxins 
were eluted with 5-6 mL 100% methanol. The methanol extract was then evaporated to 
dryness and re-dissolved in 3 mL of 100% methanol.  
Total PbTx-2-type brevetoxin was quantified in all samples using a competitive 
enzyme-linked immunosorbent assay (ELISA) performed according to Naar et al. (2002). 
Flat-bottom polystyrene 96-well plates (Nunc MaxiSorp™ Immunoplates) were first 
coated with protein-linked brevetoxin (100 µL per well). After 60 minutes, the wells were 
emptied and were rinsed three times (300 µL per well) with phosphate buffered saline 
(PBS, pH 7.4). Any remaining sites on the wells were then blocked by incubating with 
SuperBlock blocking buffer (200 µL per well) for 30 minutes. The blocking buffer was 
then poured from the wells, and each well was rinsed three times (300 µL per well) with 
PBS containing 0.1% Tween 20 (PBS-Tween). Anti-brevetoxin antibodies (goat 
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polyclonal antibodies, 100 µL per well) were then incubated in the wells with dilutions of 
samples or PbTx-3 positive controls (100 µL per well in duplicate wells). Samples and 
positive controls were serially diluted in PBS-Tween containing 0.5% gelatin. After 60 
minutes, the wells were emptied, and antibodies not attached to the plate-bound 
brevetoxin were washed out using three rinses (300 µL per well) with PBS-Tween. 
Antibodies immobilized on the plate were detected through subsequent steps linking 
them to biotinylated secondary antibodies (rabbit anti-goat antibody, 100 µL per well, 45 
minute incubation), and then horseradish peroxidase (HRP)-linked streptavidin (100 µL 
per well, 30 minute incubation), with three PBS-Tween rinses between each step. The 
HRP substrate, ortho-phenylenediamine (OPD), was then added to the wells (100 µL per 
well). After five minutes, the reaction was stopped by addition of 0.5 M sulfuric acid (50 
µL per well). Absorbance of the wells was read in a SpectraCount microplate reader 
(Packard) at 492 nm. The lower limit of quantification by ELISA as performed here was 
approximately 10 ng/g for stomach contents and liver; 5 ng/g for lung, kidney, and fat; 
and 2 ng/mL for urine. Results are expressed as ng PbTx-3 equivalents per gram or per 
mL, and reflect the overall concentration of PbTx-2-type brevetoxins and brevetoxin-like 
compounds present in the sample. 
All statistics were performed on log-transformed data using GraphPad Prism 
version 5.01 for Windows, GraphPad Software (San Diego California USA, 
www.graphpad.com). In those instances where more than one fat or lung tissue from an 
individual manatee was analyzed, brevetoxin concentrations from all fat or lung tissues 
for that animal were averaged prior to statistical analyses. In most cases, non-parametric 
analyses were used due to the presence of assay results that were below the limit of 
detection. For statistical analyses, and to calculate means, results that were below the 
limit of detection were assigned a value of half the limit of detection (2.5 ng PbTx-3 eq./g 
for kidney, lung, and fat; 5 ng PbTx-3 eq./g for liver and stomach contents; and 1 ng 
PbTx-3 eq./mL for urine).  
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Results 
Results of brevetoxin ELISA analyses of manatee tissues from 26 red tide-suspect 
carcasses are presented in Table 2.1. Brevetoxins were detected in multiple tissues of all 
26 manatees. Highest concentrations were measured in stomach contents and liver. 
Stomach contents tested positive in 25 of 26 samples. Concentrations measured were 
highly variable, ranging from 61 to 1,132 ng PbTx-3 eq./g, and averaged 458 ng PbTx-3 
eq./g. All 24 liver samples contained measurable concentrations of brevetoxins with an 
average concentration of 152 ng PbTx-3 eq./g and a range of 58 to 300 ng PbTx-3 eq./g. 
Lung tissues (caudal, cranial, or both) of 24 out of 25 manatees tested were positive but 
were comparatively much lower than stomach and liver tissues, ranging from 6 to 64 ng 
PbTx-3 eq./g. The average concentration measured in lung tissues was 18 ng PbTx-3 
eq./g. For 10 manatees, tissue was tested from both the caudal and the cranial region of 
the lung. Although the relative concentrations were low compared to liver and stomach 
contents in this small subset of manatees, brevetoxin concentrations in the cranial lung 
were higher and significantly different from concentrations in the caudal lung (matched t-
test, p = 0.0193). Brevetoxins were measured in all 22 kidney samples with an average 
concentration of 35 ng PbTx-3 eq./g and a maximum concentration of 83 ng PbTx-3 
eq./g. All 22 urine samples also tested positive and were consistently between 3 to 20 ng 
PbTx-3 eq./mL (mean = 10 ng PbTx-3 eq./mL). Brain tissue from 12 manatees was also 
analyzed. All 12 brain samples were positive with consistently low concentrations 
measured (9 to 22 ng PbTx-3 eq./g). Similarly, all 11 heart tissue samples tested positive, 
ranging from 19 to 44 ng PbTx-3 eq./g. Brevetoxin was detected in the fat of 20 out of 21 
manatees (in 34 of 37 fat samples) tested. In eight cases, three different types of fat were 
sampled (abdominal, subdermal, epicardial). The average brevetoxin concentration was 
highest in abdominal fat (58 ng PbTx-3 eq./g), followed by subdermal fat (40 ng PbTx-3 
eq./g), and was lowest in epicardial fat (32 ng PbTx-3 eq./g). However, within this small 
sample set, the brevetoxin concentrations measured in the three fat types did not 
significantly differ from one another (Friedman's test).  
 The Spearman rank correlation coefficient was used to assess the correlation of 
brevetoxin concentrations in the different sample types tested for the 2002 manatees 
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(Table 2.2). The only statistically significant (p < 0.05) correlations found were weak 
positive correlations between stomach contents and kidney (rs = 0.525, p = 0.012) and 
stomach contents and lung (rs = 0.513, p = 0.010). 
Brevetoxins were detected in all animals and in 68 out of 69 of the archived 
tissues from the 1996 manatee mortality (Table 2.3). Concentrations of brevetoxins were 
highest in the duodenal contents followed by stomach contents and then liver. Brevetoxin 
concentrations in duodenal contents ranged from 48 to 1,738 ng PbTx-3 eq./g (mean = 
493 ng PbTx-3 eq./g) and in stomach contents ranged from 79 to 1,042 ng PbTx-3 eq./g 
(mean = 363 ng PbTx-3 eq./g). Concentrations measured in the two liver samples (174 ng 
PbTx-3 eq./g and 304 ng PbTx-3 eq./g) were high but still fell within the range measured 
in the 2002 animals. Brevetoxin was detected in three out of the four lung samples from 
1996 animals but at levels close to the limit of detection (4 – 9 ng PbTx-3 eq./g).  
Results of brevetoxin ELISAs of 11 southwestern Florida manatees killed by 
collisions with watercraft during and after the mortality event are presented in Table 2.4. 
Three of the 11 manatees tested were killed during the mortality event. Brevetoxin was 
measured in the liver of all three with an average concentration of 26 ng PbTx-3 eq./g 
and in the stomach contents of one (62 ng PbTx-3 eq./g). Lung, kidney, and urine were 
all negative. Of the eight manatees that were killed in subsequent months, low levels of 
brevetoxin were measured only in the stomach contents of two animals (22 and 29 ng 
PbTx-3 eq./g). Brevetoxin was not detected in any other tissues. Brevetoxin 
concentrations measured in the liver and stomach contents from watercraft-related 
manatee deaths were much lower and were significantly different (p < 0.0001, Mann 
Whitney test) from levels measured in the 2002 red tide-suspect manatees. 
Brevetoxin was not detected in any negative control samples from eight manatees 
recovered on Florida’s east coast between March and August of 2002.  
Table 2.1. Brevetoxin concentrations (ng PbTx-3 eq./g or ng PbTx-3 eq./mL) measured in tissues from 2002 suspected red tide-related 
mortalities of manatees. 
Field ID Liver Kidney
Lung 
unspecified
Lung 
caudal
Lung 
cranial Urine
Stomach 
contents Heart
Fat 
unspecified
Fat 
abdominal
Fat 
epicardial
Fat 
subdermal Brain
MSW0239 87 21 9 ---- ---- 3 365 26 58 ---- ---- ---- ----
MSW0240 223 83 19 ---- ---- ---- 1,132 ---- ---- ---- ---- ---- ----
MSW0242 174 20 9 ---- ---- 3 182 ---- 69 ---- ---- ---- ----
MSW0243 131 55 19 ---- ---- 12 488 ---- 101 ---- ---- ---- ----
MSW0244 224 ---- ---- ---- ---- 10 351 ---- ---- ---- ---- ---- ----
MSW0245 58 31 ---- 8 6 7 365 29 37 ---- ---- ---- 13
MSW0246 300 ---- ---- ---- ---- 9 403 ---- ---- ---- ---- ---- ----
MSW0248 111 41 ---- 9 11 7 479 30 ---- 62 47 38 10
MSW0249 ---- ---- 44 ---- ---- ---- 267 ---- ---- ---- ---- <ld ----
MSW0250 64 29 ---- 9 10 6 595 21 ---- <ld 11 18 9
MSW0251 100 52 ---- 14 19 7 811 23 ---- 54 43 38 22
MSW0252 229 49 ---- 14 24 9 1,085 36 ---- 22 <ld 29 16
MSW0253 96 44 ---- 13 19 14 1,081 37 ---- 61 36 39 12
MSW0254 157 30 ---- 13 11 11 249 30 ---- 53 32 23 16
MSW0255 154 26 ---- 9 15 5 461 32 ---- 91 64 40 19
MSW0256 164 36 ---- 7 10 10 83 44 ---- 62 49 32 13
MSW0257 126 26 ---- 9 20 11 697 19 25 ---- ---- ---- 12
MSW0261 136 23 53 ---- ---- ---- 357 ---- 24 ---- ---- ---- ----
MSW0262 143 28 10 ---- ---- 13 <ld ---- 40 ---- ---- ---- ----
MSW0263 161 26 20 ---- ---- 3 439 ---- 46 ---- ---- ---- ----
MSW0264 157 31 9 ---- ---- 3 241 ---- 32 ---- ---- ---- ----
MSW0265 84 24 8 ---- ---- 13 178 ---- 35 ---- ---- ---- 13
MSW0267 76 27 7 ---- ---- 17 61 ---- 29 ---- ---- ---- 12
MSW0269 ---- ---- ---- ---- 64 ---- 573 ---- ---- ---- ---- ---- ----
MSW0270 288 28 ---- ---- 27 20 511 ---- 43 ---- ---- ---- ----
MSW0272 197 33 ---- ---- <ld 13 436 ---- ---- ---- ---- ---- ----
---- = no sample
 
<ld = not detected
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 Table 2.2 Spearman rank correlation coefficients (and p values) for brevetoxin 
concentrations measured in different sample types of 2002 red tide-suspect manatees. 
 
Liver Kidney Lung
Stomach 
contents Fat Urine
Liver
Kidney 0.170 (0.449)
Lung 0.350 (0.110) 0.182 (0.417)
Stomach contents 0.080 (0.710) 0.525 (0.012) 0.513 (0.010)
Fat 0.193 (0.414) 0.024 (0.920) -0.080 (0.730) -0.006 (0.981)
Urine 0.035 (0.877) 0.221 (0.349) 0.037 (0.878) -0.030 (0.894) -0.259 (0.284)
Heart 0.509 (0.114) 0.405 (0.216) 0.036 (0.915) -0.100 (0.769) 0.360 (0.277) 0.324 (0.331)
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Table 2.3. Brevetoxin concentrations (ng PbTx-3 eq./g) measured in archived samples 
from 1996 suspected red tide-related mortalities of manatees. 
 
Field ID Liver Lung
Stomach 
contents
Duodenal 
contents Blubber
MSW9647 ---- 9 ---- 462 ----
MSW9649 ---- ---- 298 ---- ----
MSW9650 304 ---- ---- 329 16
MSW9655 ---- ---- ---- 122 ----
MSW9656 ---- ---- 79 120 ----
MSW9664 ---- ---- 101 ---- ----
MSW9667 ---- ---- ---- 532 ----
MSW9673 ---- ---- ---- 148 ----
MSW9671 ---- ---- ---- 48 ----
MSW9672 ---- ---- ---- 126 ----
MSW9674 ---- ---- ---- 597 ----
MSW9675 ---- ---- 1042 ---- ----
MSW9676 ---- ---- ---- 364 ----
MSW9681 ---- ---- ---- 186 ----
MSW9684 ---- ---- ---- 178 ----
MSW9698 ---- ---- ---- 1034 ----
MSW9699 ---- ---- ---- 173 ----
MSW96100 ---- ---- ---- 222 ----
MSW96105 ---- ---- ---- 596 ----
MSW96106 ---- ---- ---- 464 ----
MSW96107 ---- 4 ---- 102 ----
MSW96111 ---- ---- ---- 917 ----
MSW96116 ---- ---- ---- 545 ----
MSW96120 ---- ---- ---- 359 ----
MSW96122 ---- ---- ---- 478 ----
MSW96124 ---- ---- ---- 692 ----
MSW96126 174 ---- ---- 414 25
MSW96127 ---- ---- ---- 563 ----
MSW96129 ---- ---- ---- 493 ----
MSW96130 ---- ---- ---- 418 ----
MSW96134 ---- ---- ---- 623 ----
MSW96131 ---- ---- ---- 566 ----
MSW96133 ---- ---- ---- 534 23
MSW96135 ---- ---- ---- 511 ----
MSW96136 ---- ---- ---- 365 ----
MSW96137 ---- ---- ---- 383 ----
MSW96142 ---- ---- ---- 849 ----
MSW96144 ---- ---- ---- 342 ----
MSW96145 ---- ---- ---- 431 ----
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Table 2.3 (Continued). 
  
Field ID Liver Lung
Stomach 
contents
Duodenal 
contents Blubber
MSW96146 ---- ---- ---- 1,738 27
MSW96147 ---- ---- ---- 247 ----
MSW96148 ---- ---- ---- 716 ----
MSW96149 ---- ---- ---- 605 ----
MSW96150 ---- ---- ---- 607 ----
MSW96152 ---- ---- ---- 427 38
MSW96153 ---- ---- ---- 803 ----
MSW96158 ---- ---- ---- 963 ----
MSW96165 ---- ---- ---- 465 ----
MSW96167 ---- <ld ---- 633 ----
MSW96169 ---- ---- ---- 320 ----
MSW96170 ---- ---- 494 ---- ----
MSW96171 ---- ---- 668 ---- ----
MSW96173 ---- ---- 100 ---- ----
MSW96175 ---- ---- 512 ---- <ld
MSW96176 ---- ---- 357 ---- ----
MSW96177 ---- ---- 374 ---- ----
MSW96181 ---- ---- ---- 360 ----
MSW96185 ---- 5 316 ---- ----
MSW96187 ---- ---- 164 231 ----
MSW96189 ---- ---- ---- ---- 42
MSW96191 ---- ---- 208 1,264 ----
---- = no sample
<ld = not detected
 Table 2.4. Brevetoxin concentrations (ng PbTx-3 eq./g or ng PbTx-3 eq./mL) measured in tissues from southwest Florida manatees 
killed by watercraft collision. 
Field ID Liver Kidney
Lung 
unspecified
Lung  
cranial Urine
Stomach 
Contents
Fat 
abdominal
Fat 
epicardial
Fat 
subdermal
MSW0266 33 <ld <ld ---- ---- <ld ---- ---- ----
MSW0268 24 <ld ---- <ld <ld <ld ---- ---- ----
MSW0271 21 <ld ---- <ld <ld 62 ---- ---- ----
MSW0274 <ld <ld ---- ---- ---- <ld ---- ---- ----
MSW0278 <ld <ld ---- ---- <ld 22 ---- ---- ----
MSW0279 <ld <ld ---- ---- ---- <ld ---- ---- ----
MSW0286 <ld <ld <ld ---- ---- 29 ---- ---- ----
MSW0289 <ld ---- ---- <ld <ld <ld <ld <ld <ld
MSW0290 <ld ---- ---- <ld <ld <ld <ld <ld <ld
MSW0291 <ld ---- ---- <ld ---- <ld <ld ---- <ld
MSW0293 <ld ---- ---- ---- ---- <ld ---- ---- ----
<ld = not detected
---- = no sample
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Discussion 
Exposure to brevetoxins was confirmed by ELISA in all 26 red tide-suspect 
manatees tested. No evidence of trauma was found in these animals, and gross and 
histopathological findings consistent with brevetoxicosis were noted (FWC 2007a). At 
the time of this investigation, the only comparative data documenting brevetoxin 
concentrations in manatee tissues were the results of analyses performed in response to 
the two previous events. Different methods were employed in each of these 
investigations. The investigation of the 1982 event relied heavily on mouse bioassays, 
which lack both specificity and sensitivity. In 1996, a combination of receptor-binding 
assays (RBA) and immunohistochemical examination for visual confirmation of 
brevetoxins was key to connecting the mortalities to the red tide bloom, but the total 
number of animals tested was small. Samples from approximately ten manatees were 
tested by RBA and mouse bioassay (stomach contents only) (FDEP 1996), and preserved 
tissues from 15 manatees were examined using immunohistochemistry (Bossart et al. 
1998). The specific manatees that comprised the latter subset were not identified in the 
report of the findings (Bossart et al. 1998), so the degree to which these subsets of 
animals overlapped could not be determined.  
Comparison of results from the previous events with those obtained during the 
2002 investigation is difficult because the ELISA functions on the basis of structural 
recognition of the brevetoxin molecule, while the RBA detects binding activity on nerve 
cells. Results of immunohistochemical analysis, while valuable, were not quantitative. By 
analyzing archived 1996 tissues with the ELISA used in the 2002 investigation, a more 
meaningful comparison of brevetoxins in the manatees killed in these events can be 
made.  
In both 2002 and 1996, stomach contents were composed of seagrass with a noted 
absence of filter-feeding tunicates (FDEP 1996; FWC 2007a). The concentrations of 
brevetoxins measured in the stomach contents of the 2002 manatees averaged 458 ng 
PbTx-3 eq./g. Given that most of the mortalities in 2002 occurred after the bloom had 
dissipated, these results suggest that the lethal route of exposure was ingestion. The lack 
of tunicates or any other filter-feeding organisms in the stomach contents and G.I. tracts 
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of these manatees lead to an environmental investigation into the source of the ingested 
brevetoxins. This investigation is discussed in detail in Chapter 3.  
Results of the retrospective ELISA analyses of stomach contents from 1996 may 
be affected by the age of the samples, which were stored at -20°C for 7-9 years before 
being extracted. No information exists on the long-term stability of brevetoxins in 
biological matrices. Nonetheless, the concentrations of brevetoxins and brevetoxin-like 
compounds measured in the 1996 stomach contents (average 363 ng PbTx-3 eq./g) were 
of similar magnitude to those measured in the manatees from the 2002 event,  indicating 
that ingestion of brevetoxins likely contributed significantly to that mortality event as 
well.  
 The brevetoxin composition of the stomach contents (parent toxins vs. 
metabolites) in both events is unknown, but the stomach contents of 9 out of 10 manatees 
tested in 1996 were acutely toxic to mice using the NSP mouse bioassay (FDEP 1996). 
Extrapolating from levels toxic to humans to the body size of a manatee is complicated 
by their exceptionally slow metabolism (Irvine 1983). However, in 1996 it was 
hypothesized, based on dose-dependent brevetoxin levels and symptoms of illness in 
humans, that as little as 500 mouse units (equivalent to 2 mg PbTx-3) could potentially 
make a manatee ill (FDEP 1996). Since manatees consume 5-10% of their body weight in 
plant material daily (Reep and Bonde 2006), the average value measured in the 2002 
manatee stomach contents could translate to a daily intake of 7-14 mg for a 300 kg 
manatee. The toxicity of this dose would, however, be affected by the forms of 
brevetoxins ingested and subsequent modification of brevetoxins in the stomach of a 
manatee.  
Brevetoxin concentrations in manatee organ tissues were consistently highest in 
the liver. These findings are not surprising as studies exposing rats and toadfish to PbTx-
3, both intravenously and orally, have demonstrated that liver is the principal site of 
brevetoxin concentration and metabolism (Poli et al. 1990; Kennedy et al. 1992; Cattet 
and Geraci 1993). Concentrations of brevetoxins measured in two liver samples from 
1996 manatees were high as well, and were within the range measured in the 2002 
animals.  
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Brevetoxins were measured at low levels (6 - 64 ng PbTx-3 eq./g) in the lung of 
all of the 2002 manatees tested, despite the dissipation of the K. brevis bloom at the onset 
of the event. However, brevetoxins measured in lung tissue are not necessarily the result 
of exposure via inhalation. Studies exposing rats to brevetoxins through ingestion as well 
as i.v. administration report widespread distribution to all organs including the lungs (Poli 
et al. 1990; Cattet and Geraci 1993). Because brevetoxins are lipid soluble and able to 
cross cell membranes, they can be distributed to any profused tissue, regardless of the 
route of exposure. It has been shown that brevetoxins remain at measurable levels in 
blood for days to weeks in rats exposed via ingestion, intratracheal instillation, or 
intraperitoneal administration (Cattet and Geraci 1993; Benson et al. 1999; Radwan et al. 
2005). Since concentrations of brevetoxins that induce respiratory effects are three orders 
of magnitude lower than those that induce neurological symptoms (Abraham et al. 2005; 
Baden et al. 2005), it is unclear whether a level that would affect manatees would even be 
measurable. During a K. brevis bloom, inhalation and ingestion of brevetoxins are likely 
to co-occur, and the degree to which each form of exposure contributes to the total body 
burden detected in tissues is not distinguishable. However, since most of the mortalities 
in 2002 occurred after the bloom had dissipated, inhalation of brevetoxins was not a 
likely possibility.  
Only very low concentrations were measured in the archived lung tissues from 
1996, but an insufficient number of samples were available for a meaningful comparison 
with 2002 data. Brevetoxin concentrations in lung tissue tested in 1996 by RBA were 
also low, ranging from 4 to 29 ng/g in seven manatees tested, with the notable exception 
of one much higher level (158 ng/g) measured in the lung tissue of an eighth manatee 
(FDEP 1996). 
Brevetoxins were detected in 100% of the kidney tissue and urine samples tested 
in 2002 animals. Excretion of brevetoxins in experimentally-exposed rats occurs through 
both the renal system and the biliary system. Each varies in importance which appears to 
depend on both the route of toxin administration (Poli et al. 1990; Cattet and Geraci 
1993) and the forms of brevetoxins to which they are exposed (Radwan et al. 2005). 
Cattet and Geraci (1993) concluded that rats administered PbTx-3 by ingestion excreted 
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brevetoxins equally in urine and feces, while Poli et al. (1990) found that elimination 
occurred primarily through feces in rats exposed to PbTx-3 by i.v. administration. In a 
recent study, Radwan et al. (2005) exposed rats to both PbTx-2 and PbTx-3 by i.p. 
injection and demonstrated that the two toxins were processed differently, with PbTx-2 
being rapidly metabolized to less pharmacologically active (and presumably less toxic) 
polar metabolites that were cleared primarily through urine within 24 hours. In this study, 
only blood and urine samples were analyzed, and the fate of PbTx-3 was not confirmed. 
However, given the findings of Poli et al. (1990), PbTx-3 was probably eliminated 
through feces. Bile and feces were not tested in 2002 manatees, but they have been tested 
in subsequent red tide-related manatee illnesses and deaths and can contain high levels of 
brevetoxins, indicating biliary excretion is important to manatees as well (Flewelling et 
al. unpublished data). Excretion of bile into the duodenum may account for the higher 
levels of brevetoxins measured in the duodenal contents of the 1996 manatees (mean = 
493 ng PbTx-3 eq./g) as compared to the stomach contents (mean = 363 ng PbTx-3 
eq./g). 
 The ELISA results reported here demonstrate that brevetoxins can accumulate in 
multiple tissues of manatees. The duration of their persistence in manatees that are 
exposed to sublethal levels of brevetoxins is unknown. However, the results of the 
watercraft-killed manatees from southwest Florida suggest that, despite almost annual K. 
brevis blooms in the area, manatees in southwestern Florida do not carry long-term body 
burdens of brevetoxin that are measurable by ELISA.  
Of the 43 manatees recovered between March 10 and May 1, the cause of death 
remained undetermined for five. In all, 34 manatee mortalities between January and May 
2002 were ultimately attributed to brevetoxicosis. This event reinforced the concept of 
Landsberg and Steidinger (1998) that manatees are at high risk in the southwest region of 
Florida when a K. brevis bloom occurs in February-April, salinities are higher than 27, 
and manatees are still congregated after overwintering.  
The mechanisms that lead to manatee death as a result of brevetoxicosis remain 
unresolved. Given that experimentation on these endangered animals is prohibited, what 
constitutes a lethal dose of brevetoxin for a manatee may never be definitively known but 
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may not be as relevant as dosages that induce illness. In these animals, physiologically 
sub-lethal effects of brevetoxicosis may have lethal consequences due to their 
vulnerability as air breathers in an aquatic environment. In fact, of the 37 manatees that 
have been rescued during red tides (up through 2007), only three have died: one at the 
scene of the rescue, one in transit, and one at the rehabilitation facility (FWC-FWRI 
MMPL database). 
Although the cause is no longer questioned, efforts to implicate brevetoxins as the 
responsible agent in the previous red tide-suspected manatee mortality events in 1982 and 
1996 were limited by the methods of analysis that were available at the time (especially 
in 1982), and by the need to rely on scientists outside of the investigating state agency to 
perform the analyses. The investigation of the 2002 mortality event benefited from the 
recent development of a rapid, sensitive, and specific ELISA for brevetoxins (Naar et al. 
2002) and the implementation of this method by scientists within the Florida Fish and 
Wildlife Conservation Commission’s Fish and Wildlife Research Institute. 
Although the production of antibodies against brevetoxins in the 1980’s (Baden et 
al. 1984) lead to the report of a direct ELISA method for brevetoxins in 1991 (Trainer 
and Baden 1991), this method did not become widely used among red tide researchers. 
Despite my best efforts to perform this ELISA as described by Trainer and Baden, I was 
unsuccessful in obtaining a functional assay (Flewelling, unpublished data). Naar’s re-
formatted ELISA coupled a protein-conjugated brevetoxin with a series of amplification 
steps in an indirect competitive format, producing a vastly improved assay that could be 
applied to complex biological matrices with little interference. Since its development, this 
ELISA has been shown to be an effective tool to assess brevetoxin and brevetoxin 
metabolite contamination in a wide range of biological and environmental matrices (Naar 
et al. 2002; Dickey et al. 2004; Plakas et al. 2004; Cheng et al. 2005; Pierce et al. 2005; 
Pierce et al. 2006). Although the affinity of the polyclonal antibodies used in this assay 
for brevetoxin metabolites is unknown, good correlation has been observed between 
results from ELISA and HPLC-MS analyses of shellfish tissues (Dickey et al. 2004; 
Plakas et al. 2004; Pierce et al. 2006), indicating a similar affinity of these antibodies for 
the brevetoxins and their derivatives.  
 40 
The inability to distinguish between different forms of brevetoxins that share a 
similar backbone structure is the main drawback to this method. ELISA results of 
samples that are likely to contain a mixture of brevetoxins and/or brevetoxin metabolites 
do not accurately estimate toxicity. However, this property of the assay is also its greatest 
strength in an investigation such as this. The metabolism of brevetoxins in mammals is 
not yet well understood. The ability to detect the entire suite of the most abundant type of 
brevetoxins as well as their metabolites at low levels enables confirmation of brevetoxin 
exposure in mammals that could otherwise go undetected. The availability of this new 
tool to FWC-FWRI enabled brevetoxin analysis of tissue samples from the majority of 
the manatees that died, and a more thorough investigation into the contribution of  K. 
brevis and brevetoxins than was possible in previous mortality events. 
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Chapter 3. Brevetoxin Accumulation and Persistence in Seagrass 
 
Introduction 
In mid-March 2002 manatee deaths greatly increased along the coasts of Sarasota, 
Charlotte, Lee, and Collier counties and continued throughout April. A dense bloom of 
Karenia brevis (>106 cells/L) had been present in southwest Florida in early February. 
However, by mid-March the bloom had largely dissipated with lower populations (<105 
cells/mL) observed immediately prior to the onset of the mortalities. Analyses of tissues 
and stomach contents from 26 recovered carcasses revealed high levels of brevetoxin 
(Chapter 2). On the basis of the brevetoxin analyses and gross necropsy findings that 
were non-specific but consistent with findings in earlier red tide-related manatee 
mortalities, a total of 34 manatee deaths were attributed to brevetoxicosis between 
January and May 2002.  
The absence of a K. brevis bloom together with the high levels of brevetoxin 
measured in the stomach contents of recovered carcasses indicated that ingestion was the 
probable lethal route of exposure. Manatees are herbivores, relying on aquatic plants as 
their sole food source (Reynolds and Powell 2002; Reep and Bonde 2006). During past 
mortality events, incidental ingestion of brevetoxins while feeding was hypothesized as a 
possible route of exposure for manatees. In the 1982 manatee mortality event, an 
abundance of filter-feeding tunicates found in the gastrointestinal (GI) tracts of the 
manatees and attached to seagrasses in the area where the mortality was occurring were 
suspected to be brevetoxin vectors (O'Shea et al. 1991; Landsberg and Steidinger 1998). 
In 1996, investigators hypothesized that the toxin detected in the stomach contents of 10 
manatees tested by mouse bioassay was from K. brevis bloom water that was incidentally 
ingested while feeding (FDEP 1996).  
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No tunicates or any other filter-feeding organisms were noted in the stomach 
contents or GI tracts of any manatees examined during the 2002 event, and the absence of 
a K. brevis bloom during the period when most of the manatees died made ingestion of 
water containing K. brevis cells an unlikely mechanism of intoxication. The field 
collections and analyses presented in this chapter were conducted to identify the source 
of brevetoxins detected in the manatee stomach contents and to monitor the persistence of 
brevetoxins in the manatees’ environment. Environmental samples (seawater, sediments, 
and seagrasses) were collected by FWC-FWRI staff from seagrass meadows in southwest 
Florida throughout and after the 2002 mortality event. Since this survey was not initiated 
until after the K. brevis bloom had dissipated, additional samples were collected during 
and after a K. brevis bloom in 2005.  
 
Methods 
Based on the location of manatee carcasses recovered early in the mortality event, 
four sites (sites 1, 2, and 3 in Charlotte County and Forked Creek in Sarasota County) 
were selected to investigate if residual brevetoxin remained in the system and to identify 
the source of brevetoxin in the manatee stomach contents (Fig. 3.1). Seawater, sediment 
and seagrass samples were collected by FWC-FWRI HAB staff with the assistance of 
FWC-FWRI Fisheries Independent Monitoring staff. Collections were made bimonthly 
from March 28 through August 29, 2002 at sites 1, 2, and 3, and through June 20, 2002 at 
Forked Creek. A fifth site (Bokeelia, Fig, 3.1) was sampled once (April 25) for 
comparison because there had been high cell densities of K. brevis at that site just prior to 
the mortality event, and, although manatees were observed congregating and feeding at 
that site, carcasses were not found there.  
Similar collections were made by FWC-FWRI HAB staff at two sites in Placida 
Harbor in the same area (PH1 and PH2, Fig. 3.1) bimonthly between February 9 and 
December 27, 2005. A mechanical problem with the boat on August 23 prevented sample 
collection at site PH2. Seagrass collected during non-bloom periods at two sites in the 
Tampa Bay area (Ft. DeSoto and North Shore Park) served as matrix controls. 
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 Seawater was collected by hand from a depth of 0.5 m in 1-L polyethylene bottles 
that were pre-rinsed with ambient water. Sediment samples were collected by scraping a 
250-mL glass jar along the top 2-3 cm of sediment. Ambient seawater was added to 
sediment jars that were 3/4 filled with sediment. Sediment samples were collected in 
duplicate at all sites between March 28 and June 6, 2002. Both water and sediment 
samples were held at ambient temperature during transport. Seagrass was collected by 
hand from water that was 1-1.5m in depth. The species of seagrass collected were 
Thalassia testudinum at sites 1, 2, and 3 in 2002 and at PH1 and PH2 in 2005; Halodule 
wrightii at Forked Creek in 2002; and both T. testudinum and Syringodium filiforme at 
Bokeelia in 2002. Individual plant sections (one shoot and a section of attached rhizome, 
10 per site) were stored in separate 1-gallon plastic bags with a small amount of ambient 
seawater, and placed in a cooler on top of newspaper-insulated ice packs for transport. 
In 2002, salinity was measured using a hand-held refractometer. For 2005 
collections, water quality parameters (salinity, conductivity, temperature, pH, dissolved 
oxygen) were measured using a YSI QS 600 series sonde. For both years, enumeration of 
K. brevis cells in seawater was performed by FWC-FWRI HAB taxonomists Jennifer 
Wolny and Ernest Truby by examining unpreserved aliquots of seawater under a Leica 
stereomicroscope (Steidinger and Melton Penta 1999). Brevetoxins were extracted from 
seawater within 24 h of collection by passing 0.5 L through an Empore Si-C18 disc that 
had been preconditioned with 20 mL of methanol and then 20 mL of DI water. 
Brevetoxins were eluted from the discs into clean glass test tubes using 2 10-mL washes 
of methanol. The combined eluents were evaporated to dryness and re-dissolved in 2 mL 
of methanol. Seawater extracts were stored at -20°C until analyzed.   
From each site, five of the ten plant sections were combined into a single 
composite sample (referred to as whole seagrass in this discussion). On May 23 and June 
6, 2002 at sites 2 and 3 an additional ten plant sections were collected, and whole 
seagrass was extracted and analyzed in triplicate. Using a thin stainless steel spatula, the 
leaves from the remaining five plant sections were scraped for all epiphytes (organisms 
living on the surface of seagrass leaves and sheaths) and detritus, and the scrapings were 
processed as a separate sample. For several dates in 2002, and for all collections in 2005, 
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Figure 3.1 Sites of environmental sample collections in southwest Florida in 2002 (Sites 
1, 2, 3, and Forked Creek) and 2005 (PH1 and PH2). 
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the scraped seagrass sections were rinsed vigorously with tap water, and the leaves and 
sheaths were separated from the rhizomes and roots. Epiphytes and detritus could not be 
completely removed from the more the delicate blades of Halodule wrightii collected at 
Forked Creek, and so only whole grass, rhizomes, and scrapings were analyzed from that 
site. Composite whole seagrass samples, rinsed seagrass components, leaf scrapings, and 
sediments were dried overnight in an oven at 45°C, weighed, and extracted for 
brevetoxins. On May 11, 2002 a subset of 10 limpets collected from the seagrass leaves 
at site 3 were also extracted and analyzed separately. 
Dried seagrass and sediment samples were extracted twice using acetone (1:3 
w:v). The two acetone extracts were combined and evaporated to dryness. The residue 
was re-dissolved in 80% aqueous methanol and partitioned twice with hexane. The 
hexane fraction was discarded. Extracts were then evaporated to dryness and re-dissolved 
in 100% methanol at 0.5-1 g dry weight per mL. Extracts were stored at -20°C until 
analyzed.  
Brevetoxins and brevetoxin-like compounds possessing a PbTx-2-type backbone 
were quantified in all samples using a competitive ELISA performed according to Naar et 
al. (2002). For samples collected in 2002, the ELISA protocol followed that outlined in 
Chapter 2. Two modifications to the ELISA were adopted in 2003. Biotinylated rabbit 
anti-goat secondary antibody and HRP-linked streptavidin were replaced by a single 
HRP-linked rabbit anti-goat secondary antibody. Also the HRP substrate, OPD, was 
replaced by another HRP substrate, 3,3´,5,5´-tetramethylbenzidine (TMB). These 
changes reduced assay time and improved reproducibility between duplicate wells, but 
did not alter the sensitivity or specificity of the assay. Samples collected during 2005 
were analyzed using the revised protocol. Results are expressed in terms of ng PbTx-3 
eq./g (dry weight) of seagrass and sediment and µg PbTx-3 eq./L of seawater. The lower 
limit of detection of the ELISA as performed here was approximately 10 ng/g in seagrass, 
2.5 ng/g in sediment, and 0.01 µg/L in seawater.  
The total brevetoxin present in the leaf scrapings and the cleaned leaves and 
sheaths and the degree to which each of these components contributed to the total 
brevetoxin present on the shoot were calculated using measured brevetoxin 
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concentrations and total dry weights. All statistics were performed on log-transformed 
brevetoxin data using GraphPad Prism version 5.01 for Windows, GraphPad Software 
(San Diego California USA, www.graphpad.com). For data sets that included assay 
results that were below the limit of detection, a value of half the limit of detection was 
assigned and non-parametric analyses were used.  
 
Results 
2002 Collections 
Throughout the sampling period in 2002, salinities ranged between 30 and 36 at 
sites 1, 2, and 3, and between 31 and 34 at Forked Creek. Karenia brevis was absent at 
Forked Creek on all sampling dates and was either absent or present only at very low 
levels (max. 2,670 cells/L) at sites 1, 2, and 3 from March 28 to August 15 (Fig. 3.2). On 
the last sampling date (August 29), K. brevis was not observed at site 2 but was present at 
low levels at sites 1 (7,670 cells/L) and 3 (13,700 cells/L). 
Brevetoxin concentrations in seawater ranged from below the limit of detection 
(<ld) to a maximum concentration of 1 µg PbTx-3 eq./L at sites 1, 2, and 3; and from <ld 
to 2 µg PbTx-3 eq./L at Forked Creek, but were most often < 1 µg PbTx-3 eq./L at all 
sites (Fig. 3.2). Maximum concentrations were observed on different dates for each site. 
At sites 2 and 3, the maximum brevetoxin concentrations in seawater coincided with the 
highest K. brevis cell abundance, but not at site 1 or Forked Creek (Fig. 3.2). 
Brevetoxin concentrations in sediments ranged from <ld to 62 ng PbTx-3 eq./g, 
and were typically low with average concentrations of 12-17 ng PbTx-3 eq./g. Highest 
brevetoxin concentrations were observed in samples collected early in the sampling 
period. The maximum concentration measured at each site was 41 ng PbTx-3 eq./g at site 
1, 62 ng PbTx-3 eq./g at site 2, 25 ng PbTx-3 eq./g at site 3, and 55 ng PbTx-3 eq./g at 
Forked Creek (Fig. 3.2).  
The most abundant species of seagrass at sites 1, 2, and 3 was Thalassia 
testudinum, while Halodule wrightii was the primary species found at Forked Creek. 
Brevetoxins were measured at similar levels in the initial seagrass samples collected at 
sites 2, 3, and Forked Creek (375-500 ng PbTx-3 eq./g), and was lower but measurable  
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Figure 3.2 Brevetoxin concentrations measured by ELISA in composite seagrass samples, 
sediments, and seawater; and K. brevis cell densities observed in samples collected at: A) 
site 1, B) site 2, C) site 3, and D) Forked Creek. Error bars on sediments = standard 
deviation of duplicate collections. Error bars on seagrass (5/23/02 and 6/6/02, sites 2 and 
3 only) = standard deviation of triplicate seagrass collections. 
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(73 ng PbTx-3 eq./g) at site 1 (Fig. 3.2). In general, concentrations initially decreased and 
then increased slightly at sites 1, 2, and 3 in May. Brevetoxin concentrations increased 
greatly at these sites in June when maximum concentrations of 1,138, 1,263, and 562 ng 
PbTx-3 eq./g were measured at sites 1, 2, and 3, respectively (Fig. 3.2A-C). At Forked 
Creek, concentrations dropped after the first seagrass collection on April 11 and 
increased slightly on June 20, the last sampling date at that site (Fig. 3.2D).  
Brevetoxins were detected in all seagrass components, but concentrations were 
typically higher by one or two orders of magnitude in the scrapings than in the leaves and 
sheaths or the rhizomes (Fig. 3.3). Brevetoxin concentrations ranged from <ld to 60 ng 
PbTx-3 eq./g in the cleaned leaves and sheaths, from 31 to 159 ng PbTx-3 eq./g in 
rhizomes, and from <ld to 3,130 ng PbTx-3 eq./g in scrapings (Fig. 3.3). The epiphytic 
community composition was not analyzed however at sites 1, 2, and 3 small (~ 4-7 mm 
diameter) limpets or limpet-like animals (not identified) were common and at times very 
abundant on the seagrass leaves. On May 11, a subset of 10 limpets collected at site 3 
were analyzed separately. Brevetoxin measured in the limpets was 578 ng PbTx-3 eq./g 
(or approximately 58 ng per limpet).  
The dry weights of the leaf scrapings and the cleaned leaves and sheaths were 
used to calculate the total brevetoxin present in each component and the degree to which 
each component contributed to the total brevetoxin present on the shoot (Fig. 3.4). The 
scrapings accounted for 74-99% of the total amount of brevetoxin measured in the shoots. 
Seawater collected at Bokeelia on April 25 contained no K. brevis. There was no 
detectable brevetoxin in seawater, sediments, or scrapings from seagrass, and only low 
levels of brevetoxin measured in the composite whole seagrass sample (50 ng PbTx-3 
eq./g). The seagrass (Syringodium filiforme and T. testudinum) was less epiphytized and 
the sediments were very clean, illustrating the well-flushed nature of the site. This site 
was not visited repeatedly.
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Figure 3.3 Brevetoxin concentrations measured by ELISA in seagrass components (leaf 
scrapings, leaves and sheaths, and rhizomes and roots) and K. brevis cell densities 
observed in samples collected at: A) site 1, B) site 2, C) site 3, and D) Forked Creek. 
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Figure 3.4 Brevetoxin concentrations measured by ELISA in leaf scrapings and leaves 
and sheaths as a fraction of the total brevetoxin measured in the shoot at: A) site 1, B) site 
2, and C) site 3. 
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2005 Collections 
As in 2002, salinity of samples collected in 2005 ranged from 30 to 36. Sample 
collections began on February 9, during a K. brevis bloom. On that day, K. brevis was 
present at low levels at both PH1 (1.7 x 104 cells/L) and PH2 (4.2 x 104 cells/L). Two 
weeks later the K. brevis cell density had increased to high levels (1.8-2.8 x 106 cells/L), 
and medium cell concentrations were present at both sites on March 7 (1.6-3.3 x 105 
cells/L). After March 7, no K. brevis cells were observed at PH1 until August. At PH2, K. 
brevis was not observed (except for background concentrations of <103 cells/L on June 1) 
between March 22 and June 14. Low levels were noted on June 28, but K. brevis was not 
present in samples collected in July. A smaller bloom affected Placida Harbor beginning 
in late August, and K. brevis cell concentrations reached medium levels (2.7-6.0 x 105 
cells/L) on September 6. This bloom quickly moved out of the area, and no K. brevis was 
seen in samples collected at either site from October through December (Fig. 3.5).  
Brevetoxin concentrations in seawater were highest (83-104 µg PbTx-3 eq./L) 
when K. brevis was present at high concentrations. During the less intense bloom in early 
September, seawater concentrations reached 13-17 µg PbTx-3 eq./L. In the absence of K. 
brevis, brevetoxin concentrations in seawater were typically < 1 µg PbTx-3 eq./L. The 
only exceptions to this were in the weeks immediately following the bloom when no K. 
brevis cells were seen yet concentrations ranging from 1 to 4 µg PbTx-3 eq./L were 
measured (Fig. 3.5).  
Similarly, brevetoxin concentrations in sediments at both sites were also highest 
(109-201 ng PbTx-3 eq./g) when K. brevis was present at high concentrations in 
February. In the weeks directly following the bloom, sediment brevetoxin concentrations 
were still elevated, ranging from 60-170 ng PbTx-3 eq./g. Otherwise, in the absence of K. 
brevis, brevetoxin concentrations in sediments ranged from <ld to 43 ng PbTx-3 eq./g 
(Fig. 3.5).  
Seagrass at both sites was predominantly T. testudinum. Brevetoxin 
concentrations in whole grass followed a similar trend as the seawater and sediments. 
Maximum concentrations of 2,249 and 1,988 ng PbTx-3 eq./g were measured at PH1 and 
PH2 on February 23 and March 7, respectively. Whole seagrass levels at both sites  
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Figure 3.5 Brevetoxin concentrations measured by ELISA in composite seagrass samples, 
sediments, and seawater; and K. brevis cell densities observed in samples collected at: A) 
PH1 and  B) PH2.  
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decreased to <100 ng/g by mid-April. Only a small increase in the brevetoxin 
concentration measured in whole seagrass was seen at PH1 with the return of K. brevis in 
August and September, while a more substantial increase (up to 700 ng PbTx-3 eq./g) 
was observed at site PH2 (Fig. 3.5).  
During the peak of the K. brevis bloom in Placida Harbor in early 2005 
concentrations in all seagrass components surpassed those measured in 2002. As in 2002, 
brevetoxin concentrations were highest in the leaf scrapings collected from the Thalassia 
blades. Maximum brevetoxin concentrations measured were 9,536 ng PbTx-3 eq./g in the 
scrapings, 5,327 ng PbTx-3 eq./g in the cleaned blades and sheaths, and 307 ng PbTx-3 
eq./g in rhizomes (Fig. 3.6). Unlike 2002, no limpets were noted on the leaves. The 
contribution of the scrapings to the total toxin in the shoots was more variable than in 
2002, ranging from 41% to 100% (Fig. 3.7).  
Spearman rank correlation analysis was used to assess the correlation of 
brevetoxin concentrations in seagrass components with each other and with the 
brevetoxin concentration in seawater and sediments (Table 3.1). Weak but significant (p 
< 0.05) correlations were observed in all cases with the exception of the rhizomes and 
sediments, which did not significantly correlate.  
 
No brevetoxin was detected in seagrass matrix control samples collected at Ft. 
DeSoto Park in January 2003 and North Shore Park in April and May 2004 during non-
bloom periods.  
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Figure 3.6 Brevetoxin concentrations measured by ELISA in seagrass components (leaf 
scrapings, leaves and sheaths, and rhizomes and roots) and K. brevis cell densities 
observed in samples collected at: A) PH1 and B) PH2. 
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Figure 3.7 Brevetoxin concentrations measured by ELISA in leaf scrapings and leaves 
and sheaths as a fraction of the total brevetoxin measured in the shoot at: A) PH1 and B) 
PH2.  
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Table 3.1  Spearman rank correlation coefficients (and p-values) for brevetoxin 
concentrations in seawater, sediment, and seagrass components (ns = not significant). 
 
Seawater Sediment
Leaves and 
Sheaths
Roots and 
Rhizomes
Seawater
Sediment 0.58 (p < 0.0001)
Leaves and Sheaths 0.63 (p < 0.0001) 0.39 (p < 0.01)
Roots and Rhizomes 0.34 (p < 0.02) 0.09 (ns) 0.44 (p < 0.005)
Leaf Scrapings 0.76 (p < 0.0001) 0.48  (p < 0.0006) 0.66 (p < 0.0001) 0.33 (p < 0.05)  
 
 
 
Discussion 
From late March through August 2002, water, sediment and seagrass samples 
were collected repeatedly at four sites in southwest Florida to identify the source of 
brevetoxins detected in the manatee stomach contents and to monitor the persistence of 
brevetoxins in the manatees’ environment. Karenia brevis cells were either absent or 
present at very low levels (≤ 2,670 cells/L) until the final date of the sampling period, 
when low levels of cells were observed at two sites. Brevetoxin concentrations in the 
water column were typically below 1 µg PbTx-3 eq./L, and toxin in sediments averaged 
12-17 ng PbTx-3 eq./g. These results suggest that incidental ingestion of residual 
brevetoxin in seawater or in sediments was not the mechanism of exposure for the 
manatees. However, composite samples of Thalassia testudinum and Halodule wrightii 
tested positive for brevetoxins at high levels, ranging from 73-501 ng PbTx-3 eq./g in 
initial samples. No K. brevis or brevis-like organisms were observed on the seagrass (A. 
Haywood, personal communication), nor were any tunicates or large filter-feeding 
organisms found on the seagrass or in any part of the digestive tracts of any of the 
manatees necropsied. This investigation is the first to report brevetoxin accumulation in 
association with seagrasses, and to implicate ingestion of brevetoxin-contaminated 
seagrasses as a route of brevetoxin exposure for manatees. 
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Six species of seagrass occur along the west coast of Florida: Thalassia 
testudinum, Halodule wrightii, Syringodium filiforme, Ruppia maritime, Halophila 
engelmanii, and Halophila decipiens (Zieman and Zieman 1989). Of these, T. testudinum, 
Halodule wrightii, and S. filiforme are the dominant species. The primary species 
collected in this study was T. testudinum with the exception of Forked Creek in 2002 (H. 
wrightii). The maximum brevetoxin concentrations measured in composite whole 
seagrass samples were higher in 2005 (up to 2,249 ng PbTx-3 eq./g) than the maximum 
levels measured in 2002 (up to 1,263 ng PbTx-3 eq./g). However, collections in 2002 
began several weeks after the dissipation of a K. brevis bloom (Chapter 2, Fig. 2.2), while 
the highest brevetoxin concentrations measured in seagrass in 2005 were in samples 
collected during a K. brevis bloom (Fig. 3.5). During non-K. brevis bloom periods, 
brevetoxin concentrations were generally higher in seagrasses collected in 2002 than in 
samples collected in 2005. On March 7, 2005, the date on which the maximum 
concentrations in scrapings and the cleaned leaves and sheaths were measured, the 
brevetoxin measured in the composite whole seagrass collected from PH1 was 
comparatively very low (165 ng PbTx-3 eq./g). I believe this reflects analytical error. 
Unfortunately, no sample remains for re-extraction or analysis. 
Possible mechanisms of accumulation of brevetoxins in association with 
seagrasses include uptake by filter-feeding epiphytes, concentration on the epiphytes and 
detritus through passive adsorption, concentration in epifauna that feed on brevetoxin-
contaminated detritus, passive adsorption onto the surface of the leaves or partitioning 
into the wax cuticle, active uptake by the seagrass through the roots and rhizomes or 
across the leaves, or incorporation into the rhizomes through benthic bacterial processes. 
To determine where the brevetoxins were located, seagrass samples were separated into 
three fractions. Leaves were scraped, and 1) scrapings, 2) rinsed leaves and sheaths, and 
3) rinsed rhizomes and roots were each extracted and analyzed separately to obtain 
information about the mechanism(s) of accumulation.  
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Concentration of Brevetoxins in the Epiphytes 
Highest concentrations were consistently measured in the leaf scrapings, 
accounting for 74-99% of the total toxin measured in the shoot in 2002. In 2005, 
brevetoxins persisted in the scrapings at high concentrations for several weeks after the 
bloom ended. The broad strap-like leaves of T. testudinum provide substrate for epiphytes 
and epifauna and are effective traps for detritus. The T. testudinum seagrass meadows 
sampled in this study were sheltered and hosted a rich epiphytic community. Although 
the narrow-leafed H. wrightii at the Forked Creek site initially contained high brevetoxin 
concentrations (408 ng PbTx-3 eq./g), the levels decreased more quickly than at the T. 
testudinum sites. Syringodium filiforme was only collected and tested once as it was only 
encountered at one site that was not revisited, and so no conclusions can be drawn in this 
study about the potential for brevetoxin accumulation in association with this species. 
However, S. filiforme has narrow tubular leaves and is frequently found lining natural 
channels with high velocity water flow (Zieman and Zieman 1989). This species is less 
likely to be substantially covered by detritus and epiphytized, and therefore probably less 
likely to accumulate high levels of brevetoxin.  
On some dates in 2002, limpets were abundant in the epiphytic community at sites 
1, 2, and 3. Samples of these limpets also tested positive for brevetoxin, but whether the 
brevetoxin was recovered from the surface of the organisms or extracted from the tissues 
could not be determined. Brevetoxin concentrations persisted at higher levels at these 
sites than at Forked Creek where no limpets were observed, and for a longer period in the 
absence of K. brevis than at sites sampled in 2005. In 2002 at sites 2 and 3, brevetoxins 
on seagrass persisted at levels greater than 100 ng PbTx-3 eq./g for two months, 
increasing between collections on June 6 and June 20. This increase was likely in 
response to an intrusion of K. brevis into Placida Harbor, but water collected at these sites 
on June 20 and throughout southwest Florida between June 6 and June 20 contained only 
very low or no K. brevis cells. In contrast, in 2005, brevetoxin concentrations at both sites 
decreased to less than 100 ng PbTx-3 eq./g within a month after K. brevis cells were no 
longer present. Although the composition and abundance of epiphytic species was not 
determined in this study, this observation suggests that the epiphytic species present may 
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influence the duration of brevetoxin persistence in association with seagrass. Given the 
large extent to which the toxin was often localized in the scrapings, future research 
should examine whether brevetoxins are differentially partitioned in the detritus or 
among the different types of epiphytes present. 
 
Concentration of Brevetoxins in the Leaves and Sheaths 
Brevetoxin concentrations in the cleaned leaves and sheaths were typically much 
lower than those observed in the scrapings. However, for a brief period in 2005 when K. 
brevis was present at high levels (>106 cells/L), brevetoxin concentrations in the leaves 
and sheaths reached 5,327 ng PbTx-3 eq./g, and contributed up to half of the toxin 
present in the shoot (Fig. 3.7A). These high concentrations in the leaves and sheaths were 
short-lived, decreasing quickly as the bloom ended. Whether this toxin was remnant 
brevetoxin not removed from the surface of the leaf in the cleaning process or was 
actually taken up by the seagrass and located in the seagrass fluids or tissue is not easily 
determined. Harsher methods of cleaning the leaves using detergents or organic solvents 
may compromise the integrity of the seagrass tissue. Application of 
immunohistochemical techniques to visualize the toxin in sections of the plant tissue may 
help address this question.  
 
Concentration of Brevetoxins in the Rhizomes and Roots 
Brevetoxins were measured in rhizomes and roots from below the sediment 
surface at concentrations up to 300 ng PbTx-3 eq./g. The rhizomes and roots undoubtedly 
contributed to the brevetoxin measured in composite whole seagrass samples, but 
rhizomes were omitted from calculations to assess the contribution of the scrapings to the 
total measured because the amount of material collected varied. The part of the shoot that 
includes only the leaves and the sheath are easily identified discrete units. The horizontal 
rhizomes analyzed here are shared between shoots, and the quantity of rhizome segment 
collected was not standardized. Brevetoxin concentrations in rhizomes were not 
significantly correlated to concentrations measured in sediments (Table 3.1). However 
they were weakly, but significantly, correlated to brevetoxin concentrations in seawater 
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(rs = 0.344 , p = 0.019) and to brevetoxin in the cleaned leaves and sheaths (rs  = 0.440, p 
= 0.002). This may suggest that brevetoxin was transported to the rhizomes from the 
leaves or taken up from sediment pore waters (not analyzed). 
 
The presence of brevetoxins in all three fractions suggests that multiple 
mechanisms of accumulation may be occurring. Passive adsorption onto the surface of 
epiphytes, detritus, and the grass itself is highly probable. The hydrophobic nature of 
brevetoxins leads to their enrichment in marine aerosol particles and sea foam (Pierce et 
al. 1990), and is the basis of current research using polymer-based passive sampling 
devices for brevetoxins and other similar lipophilic algal toxins (MacKenzie et al. 2004; 
Shea et al. 2006). Such adsorptive accumulation may be expected to result in persistence 
of toxins for a period of time after a bloom has ended. LC-MS analyses of a subset of 
whole grass and scrapings from 2002 collections performed by Michael Henry at Mote 
Marin Laboratory confirmed that PbTx-3 was present was at an average ratio of 35.6% of 
the total brevetoxin measured by ELISA (unpublished data). These findings may support 
the theory of adsorption since PbTx-3 is the most abundant form of brevetoxin found 
dissolved in water (Pierce et al. 2008).  
 The more rapid drop in brevetoxin concentrations that was observed in the 
cleaned leaves and sheaths after the dissipation of a bloom may suggest another 
mechanism is occurring at times when brevetoxin concentrations in the water are high. 
Although brevetoxin uptake by macrophytes has never been documented, uptake of some 
other algal toxins by plants has been reported. The cyanobacterial toxins microcystins are 
a family of heptapeptide toxins that inhibit protein phosphatases 1 and 2A (Yoshizawa et 
al. 1990) and can also act as tumor promoters (Falconer 1991). Uptake of microcystins 
has been demonstrated in several aquatic macrophytes including Ceratophyllum 
demersum, Elodea canadensis, Vesicularia dubyana and Phragmites australis; with 
leaves, stem and rhizomes all apparently capable of taking up microcystin (Pflugmacher 
et al. 1999; Pflugmacher et al. 2001). Adverse effects on terrestrial plants and plant 
seedlings upon exposure to microcystins have also been documented (Kurki-Helasmo and 
Meriluoto 1998; McElhiney et al. 2001). Okadaic acid is a marine algal toxin that acts in 
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a similar manner to microcystins in that it is both a potent inhibitor of protein 
phosphatases and a tumor promoter; but it is a lipophilic polyether toxin (Vieytes et al. 
2000), making it structurally more similar to brevetoxin. Both microcystins and okadaic 
acid have molecular weights similar to brevetoxins, and are capable of entering spinach 
leaves and changing the phosphorylation state of proteins in the leaves (Siegl et al. 1990). 
These studies lend support to the notion that brevetoxins can be taken up into seagrass 
fluids or tissue. 
Regardless of which mechanisms of accumulation are occurring, how long 
brevetoxins persist in association with seagrass will be limited largely by the turnover 
time of the leaves and the epiphytic community. The majority of epiphytic species are 
sessile and are replaced as the leaves grow (Zieman and Zieman 1989). In the results 
presented here, brevetoxin concentrations in seagrass generally persisted at levels greater 
than 100 ng PbTx-3 eq./g for one to two months after K. brevis cells were no longer 
present. This is in agreement with average reported turnover times for T. testudinum 
leaves on the order of 25-60 days (Zieman and Zieman 1989; Tomasko and Lapointe 
1991; Tomasko et al. 1996). The continued detection of brevetoxins at lower levels may 
result from background concentrations of K. brevis and brevetoxins in the water column 
or from release of brevetoxins recycled from the sediments, leaf litter, or biota in the 
seagrass meadow. 
 
Food Web Implications 
The accumulation of brevetoxins in association with seagrasses has significant 
environmental implications. Seagrass meadows are highly productive ecosystems that 
support very diverse faunal assemblages serving as nursery habitat and refuge for many 
species as well as a food source for herbivores including fish, water fowl, sea urchins, 
green turtles, and manatees (Hemminga and Duarte 2000). Seagrass represents a large 
fraction of the diet of some omnivorous fish, such as pinfish (Montgomery and Targett 
1992). Crabs and isopods also consume seagrass, including roots and rhizomes. 
Epiphytes are an important component of the seagrass ecosystem, and may account for up 
to 54% of the total biomass (Penhale 1977) and 56% of the total productivity (Morgan 
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and Kitting 1984). Grazers on seagrass epiphytes include fish, gastropods, polychaetes, 
amphipods, isopods, and other crustaceans (van Montfrans et al. 1984; Zieman and 
Zieman 1989; Greenway 1995). Detrivores that may consume the detritus deposited on 
the leaves or the decaying leaves themselves (either principally or as a part of their diet) 
include fish, shrimp, marine worms, holothurians, gastropods, isopods and amphipods 
(Zieman and Zieman 1989; Greenway 1995). The diversity of the seagrass community 
and the complexity of the food web it sustains present a multitude of previously 
unconsidered routes for brevetoxin transfer from seagrass into the coastal food web. 
In this study, the accumulation and persistence of brevetoxins associated with 
seagrass appeared to be largely due to concentration of brevetoxins on or in the epiphytes 
and detritus on the surface of the leaves. As a direct vector of brevetoxin to large 
herbivorous animals such as manatees the distinction of whether the toxin is on or in the 
seagrass is not as important since the animals ingest the whole seagrass. It may be 
relevant, however, in assessing the potential risk of brevetoxin exposure for the green 
turtle (Chelonia mydas), which preferentially consumes younger leaves and leaf parts, 
avoiding epiphytized older leaves (Hemminga and Duarte 2000).  
 
Most research to date on persistence of brevetoxins in the marine environment has 
focused on bivalve shellfish, which can remain toxic for several months (Morton and 
Burklew 1969; Steidinger et al. 1998a; Plakas et al. 2002; Plakas et al. 2004; Pierce et al. 
2006). Persistence of brevetoxins in other compartments of the marine environment after 
a K. brevis bloom has not been closely examined. Prior to 2002, the accumulation of 
brevetoxins on or in seagrass had never been previously reported, and the delayed or 
chronic exposure of manatees to brevetoxins through seagrass was not recognized as a 
threat. The presence of PbTx-3 in extracts of whole seagrass and scrapings was 
confirmed. The toxicity of this congener is well-established (Baden and Mende 1982), 
verifying the presence of a harmful form of brevetoxins in the typical manatee food 
source. No other forms of brevetoxin were found. However, the LC-MS analyses were 
performed in 2003. Multiple additional brevetoxins and brevetoxin-like compounds have 
been identified since then, including some more polar derivatives that may not have been 
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extracted by the method used here. Also, the MS detection method used to analyze these 
samples (MS Scan) was much less sensitive than the ELISA and smaller amounts of 
individual congeners may not have been detected. 
Brevetoxins were associated with seagrasses at high levels for weeks and at low 
levels for months in the absence of K. brevis cells. These findings confirm the stability of 
brevetoxins in the environment in the absence of an ongoing K. brevis bloom and reveal 
the possibilities of acute lethal exposure through ingestion of seagrass during a K. brevis 
bloom or in the weeks immediately following, chronic dietary exposure to low levels of 
brevetoxins, and transfer of brevetoxins through herbivores and grazers into coastal 
marine food webs.  
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Chapter 4. Confirmation of Bottlenose Dolphin Exposure to Brevetoxins During the 
2004 Dolphin Mortality Event 
 
Introduction 
 Bottlenose dolphins (Tursiops truncatus) are the most commonly observed marine 
mammals in Florida coastal waters (Barros and Odell 1990). This species is not listed as 
threatened or endangered under the Endangered Species Act, but bottlenose dolphins are 
protected (as are all marine mammals) under the Marine Mammal Protection Act of 1972. 
Bottlenose dolphins face a number of risks, both human-related and naturally-occurring. 
Loss of habitat, changes in availability and quality of food due to human fishing efforts, 
vessel strikes, noise, pollutants, toxicants, and entanglement or bycatch by commercial 
and recreational fishing gear and debris are some examples of anthropogenic contributors 
to dolphin mortality; while naturally-occurring threats to dolphins include predation by 
large sharks, disease, parasites, and exposure to naturally occurring biotoxins (Reynolds 
et al. 2000).  
 Brevetoxins produced by Karenia brevis have been the principal biotoxin 
implicated in dolphin mortality events. Between June 1987 and February 1988, more than 
740 bottlenose dolphins died along the U.S. Atlantic coast from New Jersey to Florida 
(Geraci 1989). The mortalities began in the northeast and moved south during the fall and 
winter. This event occurred during the year in which a red tide was transported out of the 
Gulf of Mexico via the Loop Current and carried northward in the Gulf Stream (Tester et 
al. 1991). It was documented as far north as North Carolina where it resulted in several 
human illnesses (Morris et al. 1991).  
Despite the overwhelming number of dolphins that stranded during the 1987-1988 
event, the only samples tested for brevetoxins were liver tissues from 17 animals and the 
stomach contents from a single animal. According to the final report, this was the “only 
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suitable sample of stomach contents available in the entire collection” (Geraci 1989) and 
was composed of menhaden (Brevoortia sp.) and weakfish (Cynoscion regalis). 
Additionally, seven species of live-caught fish were also tested. These included four 
species from the Virginia Beach area (bluefish, croaker, spot, and red drum) collected in 
August 1987, and also two silver seatrout, three Spanish mackerel, and three menhaden 
that were collected off of Vero Beach, FL in late February 1988. Samples were extracted 
using procedures that were optimized for recovery of PbTx-2 and were analyzed using a 
combination of thin layer chromatography (TLC) and fish bioassay. TLC fractions that 
were toxic to Gambusia affinis were subjected to additional chromatographic 
fractionation. Fractions that were toxic after three successive purification steps were then 
analyzed by HPLC with UV detection. Concentrations and toxin identification were 
determined by comparison with co-eluting brevetoxin standards. Using these methods, 
eight of the 17 livers were positive for brevetoxins, ranging in concentration from 83 
to15,829 ng/g. None of the 17 control dolphin livers also analyzed this way yielded 
positive results. The viscera of the menhaden taken from the one suitable sample of 
stomach contents was positive for brevetoxins (level not reported). However, brevetoxins 
were not detected in the flesh of the menhaden, the weakfish from the stomach contents, 
or the liver tissue of the same dolphin. Among the seven species of live caught fish also 
analyzed, only the viscera of the menhaden collected in February 1988 contained 
brevetoxins at approximately 200 µg per fish.  
In the final report of this investigation, Geraci (1989) cited “…a biological toxin 
as the proximate cause. The dolphins apparently were poisoned by brevetoxin…The 
dolphins were eventually infected with a host of bacterial and viral pathogens which 
produced an array of beguiling clinical signs.” However, the numerous other 
physiological stressors and high contaminants documented in the dolphins and the fact 
that mortalities began much further north than the bloom was documented prevented this 
diagnosis from being universally accepted. In 1994, Lipscomb et al. reported detecting 
morbillivirus in more than half of the 79 animals from this event that they tested, 
concluding that this was a better candidate for the cause of the mortalities and 
permanently casting a shadow of doubt over the red tide hypothesis. Unfortunately, 
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whether brevetoxins played a primary role as the cause of death or as an agent that 
weakened the dolphins’ immunodefenses, or a secondary role as an added stressor to 
animals that already had decreased immune capabilities due to morbillivirus, or whether 
brevetoxins contributed at all, will probably remain unknown. Nonetheless, the National 
Marine Fisheries Service (NMFS) estimated that this mortality represented a decline of 
more than 50% of the coastal migratory stock of bottlenose dolphins along the U.S. mid-
Atlantic coast, and subsequently designated this population as “depleted” according to the 
Marine Mammal Protection Act (58 FR 17789, April 6, 1993), a status that remains 
unchanged. 
A somewhat less equivocal conclusion was drawn in the investigation into the 
stranding of more than 120 bottlenose dolphins in the Florida Panhandle between August 
1999 and February 2000. The majority of the strandings occurred in two peaks that 
coincided with two pulses of K. brevis red tide in the same general area (Van Dolah et al. 
2003). The animals appeared to have been in good physical condition prior to their death, 
but due to the advanced state of decomposition of most of the carcasses, only 24 animals 
were tested. Highest levels of brevetoxins as measured by receptor binding assay (RBA) 
were found in stomach contents (0-474 ng/g), followed by liver (0-163 ng/g), and kidney 
(0-4.8 ng/g). Brevetoxin was not measured in lung or spleen by RBA. Chemical 
confirmation of brevetoxin was obtained by LC-MS/MS. However, despite the benefit of 
new and improved methods of analysis, only 29% of the stranded animals tested were 
positive for brevetoxins (Van Dolah et al. 2003). 
 The same region of the Florida Panhandle was also the site of a more recent mass 
mortality of bottlenose dolphins. In 2004, between March 10 and April 13, 107 bottlenose 
dolphin carcasses were recovered along the northwest Florida Gulf coast, primarily in St 
Joseph Bay (Fig 4.1). Although the geographical area was similar to the 1999-2000 
mortality event, the temporal distribution of the stranding was much more condensed, 
with most of the dolphins stranding within the first two weeks, and all but six stranding 
within the first three weeks (Fig. 4.2). 
An extensive multi-agency investigation led by staff of the NMFS Marine 
Mammal Health and Stranding Response Program (MMHSRP) was launched to 
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determine the cause of the strandings (NMFS 2004). Necropsies indicated otherwise 
healthy animals at the time of death. Most of the dolphins examined had full stomachs 
containing partially digested fish suggesting recent feeding prior to their death. Possible 
mortality factors investigated included infectious disease, acoustic trauma, environmental 
contaminants, and natural biotoxins (algal toxins). 
 To assess the potential involvement of K. brevis or other HAB species, more than 
230 water samples from 115 coastal and offshore stations were collected between March 
11 and May 5, 2004 by FWC-FWRI, the Florida Department of Environmental Protection 
(FDEP), and the Florida Department of Agriculture and Consumer Services (FDACS) 
(Fig. 4.3). Microscopic examination of samples for phytoplankton was conducted by 
FWC-FWRI taxonomists. Karenia brevis was absent from all samples. However, a 
moderate bloom of the diatom Pseudo-nitzschia delicatissima (up to 464,400 cells/L) was 
present in St. Joseph Bay (NMFS 2004). Pseudo-nitzschia delicatissima  has been 
documented to produce domoic acid (DA), a neurotoxic excitatory amino acid (Smith et 
al. 1990; Bates et al. 1998), and DA has been implicated in mortality events of marine 
birds and mammals in other parts of the U.S. (Work et al. 1993; Scholin et al. 2000). 
Although DA-producing diatoms are present in the Gulf of Mexico (Parsons et al. 1999; 
Pan et al. 2001), no suspected or confirmed DA-related human illnesses or animal 
mortalities have been documented in Gulf waters.  
 Dolphin tissue samples collected during this investigation by staff of the FWC-
FWRI Marine Mammal Pathobiology Laboratory and NMFS Marine Mammal Health 
and Stranding Response Program and seawater samples collected by the agencies listed 
above were sent to FWC-FWRI and to the NOAA Center for Coastal Environmental 
Health and Biomolecular Research (CCEHBR) for analyses of algal toxins. This chapter 
reports the results of dolphin tissue and seawater analyses for brevetoxins and DA that 
were performed at FWC-FWRI.  
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Figure 4.1 Stranding locations of bottlenose dolphin carcasses recovered between March 
10 and April 13, 2004. Map created with data provided by NMFS. 
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Figure 4.2 Number of dolphin strandings in the Florida Panhandle per day between 
March 10 and April 13, 2004. Graph created with data provided by NMFS. 
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Figure 4.3 Sites and dates of water collections between March 11 and May 6, 2004. Map 
courtesy of FWC-FWRI. 
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Methods 
 Tissues and stomach contents from 18 stranded dolphins were provided by the 
FWC-FWRI Marine Mammal Pathobiology Lab and NMFS MMHSRP. (The interim 
report describing this investigation [NMFS 2004] incorrectly cites the number of 
dolphins tested by FWRI as 11). Tissue types included liver (n = 13), lung (n = 10), 
kidney (n = 13), cerebellum (n = 13), blood (n = 12), urine (n = 2), and stomach contents 
(n = 18). After completion of stomach content identification, samples of gastric juices (n 
= 25) and ingested fish (n = 29), including samples taken from seven additional dolphins 
were provided by Nelio Barros at Mote Marine Laboratory. All samples were frozen at    
-20°C until extracted and analyzed. Sex, length, location, and stranding date for each 
dolphin are detailed in Appendix E (data provided by NMFS). 
Tissues from 16 rough-toothed dolphins (Steno bredanensis) that stranded on 
Hutchinson Island on Florida’s Atlantic coast, where K. brevis blooms are historically 
rare, were also analyzed to assess sample matrix effects. Tissue types included liver (n = 
16), lung (n = 16), kidney (n = 15), urine (n = 2), and brain (n = 10). These dolphins were 
recovered in August 2004 by staff at the Harbor Branch Oceanographic Institution and 
were necropsied at the FWC-FWRI Marine Mammal Pathobiology Laboratory. 
 Brevetoxins in dolphin tissues and stomach contents were extracted using 100% 
acetone as described in Chapter 2. Brevetoxins were extracted from blood and urine by 
solid phase extraction (SPE) using Supelco Discovery® DSC-18 SPE cartridges (500 mg, 
3 mL). Blood and urine (2 mL) were applied to cartridges that had been pre-conditioned 
with 6 mL of 100% methanol and then 6 mL of deionized water. Columns were washed 
with 6 mL of 25% aqueous methanol, and brevetoxins were eluted from the columns with 
4 mL of 100% methanol.  
 Brevetoxins in seawater were extracted by passing 500 mL through a C18 SPE 
disk (3M Empore™) that had been preconditioned with 8 mL of methanol and 8 mL of 
deionized water. The disk was then rinsed twice with 10 mL of deionized water, and 
brevetoxins were eluted with 20 mL of 100% methanol. The methanol extracts were 
evaporated to dryness and re-dissolved in 2 mL of 100% methanol. 
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 Total PbTx-2-type brevetoxin was quantified in all samples using a competitive 
ELISA as described in Chapter 2, with the modifications outlined in Chapter 3. The lower 
limit of quantification by ELISA as performed here was approximately 10 ng/g for 
stomach contents and liver; 5 ng/g for lung, kidney, and brain; 2 ng/mL for blood and 
urine; and 0.005 µg/L for seawater. Results are expressed as ng PbTx-3 equivalents per 
gram of tissue, ng PbTx-3 equivalents per mL of body fluid, and µg PbTx-3 equivalents 
per L of seawater, and reflect the overall concentration of PbTx-2-type brevetoxins and 
brevetoxin-like compounds present in the sample. 
 Tissues from nine dolphins were also analyzed for domoic acid (DA). Tissue 
types included liver (n = 6), lung (n = 6), kidney (n = 6), muscle (n = 2), blood (n = 6), 
urine (n = 2), and stomach contents (n = 8). Domoic acid was extracted by 
homogenization in 50% aqueous methanol (4 mL/g). Homogenates were centrifuged (10 
minutes at 3,200 x g), the supernatants were retained, the pellets were extracted a second 
time in the same manner, and the supernatants were pooled.  
 Domoic acid was quantified in tissue extracts and whole (not extracted) seawater 
samples using the Direct cELISA ASP assay (Biosense Laboratories, Bergen, Norway). 
This pre-titrated commercial ELISA kit is a competitive assay in which free DA in 
samples or controls compete with plate-bound DA for binding to specific anti-DA 
antibodies. The anti-DA antibodies are labeled with horseradish peroxidase (HRP) and 
the amount bound in the wells is measured by addition of the HRP substrate TMB 
(3,3′,5,5′-Tetramethylbenzidine). Absorbance of the wells was read in a SpectraCount 
microplate reader (Packard) at 450 nm. The lower limit of quantification by ELISA as 
performed here was approximately 1 ng/g for stomach contents and tissues (liver, kidney, 
lung, muscle); 0.1 ng/mL for blood and urine; and 0.2-0.4 µg/L for seawater. Results are 
expressed as ng DA per gram of tissue, and ng DA per mL of body fluid. 
 All statistics were performed on log-transformed brevetoxin data using GraphPad 
Prism version 5.01 for Windows, GraphPad Software (San Diego California USA, 
www.graphpad.com). In most cases, non-parametric analyses were used due to the 
presence of assay results that were below the limit of detection (<ld). For statistical 
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analyses, and to calculate means, results that were below the limit of detection were 
assigned a value of half the limit of detection. 
 
Results 
Of the more than 230 water samples that were collected between March 11 and 
May 5, 2004, 82 were extracted and analyzed for brevetoxins, and 16 were analyzed for 
domoic acid. Samples tested for DA were primarily from inside St. Joseph Bay where 
elevated concentrations of Pseudo-nitzschia (up to 454,000 cells/L) were observed. 
Brevetoxins were not detected in any samples collected offshore (Fig 4.4A). Low levels 
of brevetoxin ranging from 0.1 to 2 µg/L were measured in alongshore samples collected 
in March 2004, predominantly in samples from inside St. Joseph Bay (Fig. 4.4A). 
Domoic acid was not detected in any of the samples analyzed (Fig 4.4B). 
Brevetoxins were detected in all stomach contents and multiple tissues of all 
bottlenose dolphins tested (n = 25, Table 4.1). Highest concentrations were measured in 
stomach contents and gastric fluids. Brevetoxin concentrations measured in partially 
digested stomach contents were highly variable, ranging from 401 to 6,176 ng PbTx-3 
eq./g, with an average value of 2,102 ng PbTx-3 eq./g. Gastric fluids from all 25 dolphins 
tested were similarly very high ranging from 137 to 5,535 ng PbTx-3 eq./mL (mean = 
1,631 ng PbTx-3 eq./mL). Brevetoxin concentrations measured in dolphin tissues were 
less variable. All 13 liver samples contained measurable concentrations of brevetoxins 
with an average concentration of 51 ng PbTx-3 eq./g and a range of 37 to 104 ng PbTx-3 
eq./g. Lung tissues were positive in 10 of 13 dolphins tested, with measured 
concentrations ranging from 9 to a maximum concentration of 72 ng PbTx-3 eq./g. The 
average concentration measured in lung tissues was 17 ng PbTx-3 eq./g. All 13 kidney 
samples tested positive ranging from 14 to 50 ng PbTx-3 eq./g (mean = 26 ng PbTx-3 
eq./g), and both urine samples tested were positive (16-34 ng PbTx-3 eq./mL). 
Brevetoxins were not detected in the brain of seven of 13 dolphins tested, and 
concentrations were low in the other six (9-12 ng PbTx-3 eq./g). Blood from 12 of 13 
dolphins tested were positive for brevetoxins, with measured concentrations ranging from 
3 to 16 ng PbTx-3 eq./mL (mean = 7 ng PbTx-3 eq./mL).  
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Figure 4.4 A) Sites of collection of seawater analyzed for brevetoxins and brevetoxin 
concentrations measured; and B) sites of collection of seawater analyzed for domoic acid. 
 Table 4.1 Brevetoxin concentrations (ng PbTx-3 eq./g or ng PbTx-3 eq./mL) measured in tissues from the 2004 dolphin mortality. 
 Stomach Gastric
Field ID Liver Kidney Lung Urine contents fluids Cerebellum Blood
Hubbs-0415-Tt ---- ---- ---- ---- 663 1,570 ---- ----
Hubbs-0416-Tt 39 50 72 ---- 1,088 3,316 <ld 3
Hubbs-0418-Tt 39 25 31 ---- 6,176 5,535 12 16
Hubbs-0419-Tt ---- ---- ---- ---- 778 4,320 ---- ----
Hubbs-0420-Tt 37 38 <ld ---- 2,355 1,997 <ld 7
Hubbs-0421-Tt 73 18 11 ---- 2,574 1,520 10 5
Hubbs-0422-Tt 104 30 17 34 4,597 2,137 9 9
Hubbs-0423-Tt 44 24 22 ---- 1,546 1,552 9 5
Hubbs-0424-Tt 40 23 16 ---- 1,735 765 10 <ld
Hubbs-0425-Tt ---- ---- ---- ---- ---- 1,194 ---- ----
Hubbs-0426-Tt ---- ---- ---- ---- 401 948 <ld ----
Hubbs-0427-Tt ---- ---- ---- ---- ---- 1,314 ---- ----
Hubbs-0428-Tt ---- ---- ---- ---- 2,354 1,584 ---- ----
Hubbs-0429-Tt 45 37 10 ---- 1,129 2,558 <ld 7
Hubbs-0430-Tt 41 21 <ld 16 4,716 891 ---- 6
Hubbs-0431-Tt 48 21 10 ---- 838 2,099 <ld 7
Hubbs-0432-Tt 48 14 9 ---- 1,331 2,146 <ld 9
Hubbs-0433-Tt 41 15 12 ---- 536 359 <ld 9
Hubbs-0436-Tt ---- ---- ---- ---- 3,600 814 ---- ----
Hubbs-0437-Tt 61 24 <ld ---- 1,415 788 11 12
SJP0317-15 ---- ---- ---- ---- ---- 137 ---- ----
SJP0318-17 ---- ---- ---- ---- ---- 1,302 ---- ----
SJP0325-32 ---- ---- ---- ---- ---- 924 ---- ----
SJP0326-34 ---- ---- ---- ---- ---- 530 ---- ----
PCNMFS 04-8 ---- ---- ---- ---- ---- 469 ---- ----
---- = no sample
<ld = not detected
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Tissue samples from 16 dolphins that stranded on Florida’s Atlantic coast were 
analyzed as matrix controls. Tissue types included liver (n = 16), lung (n = 16), kidney (n 
= 15), urine (n = 2), and brain (n = 10). No brevetoxin was detected in any of the Atlantic 
coast dolphin tissues tested (Table 4.2). 
The Spearman rank correlation coefficient was used to assess the correlation of 
brevetoxin concentrations in the different sample types tested for the 2004 dolphins 
(Table 4.3). The only statistically significant (p < 0.05) relationship found was a positive 
correlation between stomach contents and cerebellum (rs = 0.699, p = 0.008). However, 
the sample size was very small, and seven of the 13 brain tissues tested were below the 
limit of detection for brevetoxin. When these samples were excluded there was no 
relationship in brevetoxin concentrations between the two tissues (rs = 0.029, p = 1.000). 
 Several intact or only slightly digested prey items retrieved from the stomach 
contents of 20 dolphins were also analyzed including 17 clupeid fish identified by Nelio 
Barros (Mote Marine Laboratory) as menhaden (Brevoortia sp.), two silver perch 
(Bairdiella chrysoura), three spot (Leiostomus xanthurus), one pinfish (Lagodon 
rhomboides), one kingfish (Menticirrhus sp.), one puffer (species unknown), and four 
unidentified teleosts. In most cases the whole fish was homogenized and extracted. All 
prey items contained high concentrations of brevetoxins with the highest levels measured 
in the menhaden (Table 4.4). Brevetoxins in whole menhaden ranged from 844 to 15,361 
ng PbTx-3 eq./g and averaged  3,903 ng PbTx-3 eq./g. Viscera analyzed separately for 
three menhaden contained an average concentration of 23,351 ng PbTx-3 eq./g, and 
brevetoxins in menhaden muscle averaged 424 ng PbTx-3 eq./g (n = 6).  
Tissues from nine dolphins were analyzed for DA (Table 4.5). No DA was 
detected in any of the liver (n = 6), lung (n = 6), kidney (n = 6), or muscle (n = 2) tissues 
tested. Low concentrations of DA were detectable in six of eight stomach contents tested, 
ranging from 2 to 9 ng DA/g. Both urine samples were positive for DA by ELISA (0.5-2 
ng DA/mL), and five out of six blood samples tested contained low concentrations of 
DA, ranging from 0.1 to 0.6 ng DA/mL.  
  
 
 Table 4.2 Brevetoxin concentrations (ng PbTx-3 eq./g) measured in tissues from rough-
toothed dolphins (Steno bredanensis) that stranded on Florida’s Atlantic coast in August 
2004. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Field ID Liver Kidney Lung Urine Brain
SFNEFL0410HHN <ld ---- <ld ---- ----
HBOI0432 <ld <ld <ld ---- ----
HBOI0405 <ld <ld <ld ---- ----
HBOI0416 <ld <ld <ld <ld ----
HBOI0427 <ld <ld <ld ---- ----
HBOI0406 <ld <ld <ld <ld ----
HBOI0408 <ld <ld <ld ---- <ld
HBOI0412 <ld <ld <ld ---- <ld
HBOI0414 <ld <ld <ld ---- <ld
HBOI0415 <ld <ld <ld ---- <ld
HBOI0418 <ld <ld <ld ---- <ld
HBOI0419 <ld <ld <ld ---- <ld
HBOI0422 <ld <ld <ld ---- <ld
HBOI0426 <ld <ld <ld ---- <ld
HBOI0413 <ld <ld <ld ---- <ld
HBOI0425 <ld <ld <ld ---- <ld
---- = no sample
<ld = not detected
 
 
 
Table 4.3 Spearman rank correlation coefficients (and p values) for brevetoxin 
concentrations measured in different sample types of 2004 dolphins. 
Stomach Gastric
Liver Kidney Lung contents fluids Cerebellum
Liver
Kidney -0.390 (0.188)
Lung -0.204 (0.503) 0.276 (0.361)
Stomach contents -0.033 (0.915) 0.176 (0.566) 0.006 (0.986)
Gastric fluids -0.104 (0.734) 0.500 (0.082) 0.348 (0.244) 0.038 (0.880)
Cerebellum 0.101 (0.755) -0.067 (0.836) 0.241 (0.450) 0.699 (0.008) -0.131 (0.669)
Blood 0.176 (0.566) -0.165 (0.590) -0.193 (0.527) 0.044 (0.887) 0.121 (0.694) 0.179 (0.577)
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 Table 4.4 Brevetoxin concentrations (ng PbTx-3 eq./g) measured in prey items retrieved 
from the stomach contents of 2004 dolphins. Prey provided and identified by Nelio 
Barros (Mote Marine Laboratory). 
 Field ID Prey item PbTx-3 eq. (ng/g)
Hubbs-0415-Tt Unidentified teleost 2,713
Unidentified teleost 496
Hubbs-0416-Tt Menhaden (Brevoortia  sp.) 4,261
Hubbs-0418-Tt Menhaden 1,442
Menhaden 4,624
Hubbs-0419-Tt Menhaden muscle 778
Hubbs-0420-Tt Menhaden muscle 206
Hubbs-0422-Tt Menhaden 1,059
Menhaden 2,300
Hubbs-0423-Tt Menhaden muscle 446
Menhaden viscera 31,822
Hubbs-0424-Tt Menhaden 5,327
Menhaden 844
Hubbs-0425-Tt Silver perch (Bairdiella chrysoura ) 1,092
Hubbs-0426-Tt Spot (Leiostomus xanthurus ) 2,048
Unidentified teleost 828
Hubbs-0427-Tt Spot 536
Hubbs-0428-Tt Menhaden 15,361
Hubbs-0430-Tt Silver perch 3,572
Hubbs-0431-Tt Menhaden 3,812
Puffer sp. muscle 439
Hubbs-0432-Tt Menhaden muscle 476
Hubbs-0436-Tt Menhaden muscle 437
Menhaden viscera 5,046
Hubbs-0437-Tt Kingfish (Menticirrhus  sp.) 1,085
Unidentified teleost 671
SJP0317-15 Menhaden 939
SJP0318-17 Menhaden 2,968
Pinfish (Lagodon rhomboides ) 405
SJP0325-32 Menhaden muscle 200
Menhaden viscera 33,185
Spot muscle 181
Spot viscera 555
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 Table 4.5 Domoic acid concentrations (ng DA/g or ng DA/mL) measured in tissues from 
the 2004 dolphin mortality. 
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Stomach
Field ID Muscle Liver Kidney Lung Urine contents Blood
Hubbs-0422-Tt <ld <ld <ld <ld 2 3 0.3
Hubbs-0423-Tt <ld <ld <ld <ld ---- 2 0.
Hubbs-0428-Tt ---- ---- ---- ---- ---- 8 ----
Hubbs-0429-Tt ---- <ld <ld <ld ---- <ld <ld
Hubbs-0430-Tt ---- ---- ---- ---- 0.5 ---- ----
Hubbs-0431-Tt ---- <ld <ld <ld ---- 7 0.
Hubbs-0433-Tt ---- <ld <ld <ld ---- <ld 0.3
Hubbs-0436-Tt ---- ---- ---- ---- ---- 2 ----
Hubbs-0437-Tt ---- <ld <ld <ld ---- 9 0.
---- = no sample
<ld = not detected
6
3
1
 
 
Discussion 
Karenia brevis was not present in the more than 230 water samples that were 
collected between March 11 and May 5, 2004, yet evidence gathered in the investigation 
of the dolphin mortality suggests there was a bloom nearby or had been in the recent past. 
Low concentrations of brevetoxins (0.1-2 µg PbTx-3 eq./L) were measured in seawater 
samples collected from St. Joseph Bay (Fig. 4.4A). Concentrations greater than 
approximately 1 µg PbTx-3 eq./L are above background levels measured in southwest 
Florida in the absence of K. brevis and are similar to concentrations observed in the 
weeks following a K. brevis bloom (Chapter 3). Reports of other sick and dead animals in 
the same general area and at the same time provided further evidence for an undetected 
K. brevis bloom (NMFS 2004). The reports were consistent with those that typically 
occur during red tide events and included a large mortality of red drum (Sciaenops 
ocellatus) in St. Joseph Bay, kills involving numerous other fish species, moribund fish, 
dead invertebrates (horseshoe crabs, jellyfish), and dead and neurologically impaired 
birds.  
Gross necropsies were performed on 46 dolphins, and samples were collected 
from an additional 44, yet no evidence of any infectious or inflammatory disease or of 
trauma was found (NMFS 2004). Brevetoxins, however, were confirmed at high levels in 
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100% of the dolphins that were tested, including all 25 dolphins tested at FWRI and at 
least 11 others tested by NOAA CCEHBR, supporting brevetoxicosis as the cause for this 
mortality event. 
A comparison of the brevetoxin concentrations measured in this event to levels 
measured in the 1999-2000 event is not straightforward as different methods of detection 
were employed. Receptor-binding assays (RBAs) were used in the 1999-2000 
investigation. As discussed in Chapter 2, these assays assess toxin concentration of a 
sample by measuring the pharmacological activity (i.e. binding of the toxins in the 
sample to sodium channels). The ELISA is an assay based on structural recognition of 
antibodies to a certain portion of the brevetoxin molecule. Given the different ways the 
assays detect brevetoxins and the multiple known forms and varying toxicities of 
brevetoxins, difference between the results obtained using such assays are expected. 
Nevertheless, during the 2004 event a minimum of 11 additional dolphins were analyzed 
by NOAA CCHEBR using RBA (as well as radioimmunoassay and LC-MS) and were all 
positive at similar levels to those reported here. Results of all 36 dolphins were combined 
and average values were reported in Flewelling et al. (2005, supplementary information).  
The average concentration in stomach and esophageal contents (partially digested fish) of 
eight dolphins from the 2004 event analyzed by RBA was 1,426 ng PbTx-3 eq./g (± 
2,104), and was similar to the average value of stomach contents measured by ELISA 
(2,102 ng PbTx-3 eq./g, ± 1,654). Regardless of the method used, the brevetoxin 
concentrations measured in the stomach contents of the 2004 dolphins greatly exceed 
those measured in the 1999-2000 dolphin mortality event (range: < ld – 474 ngPbTx-3 
eq./g) by RBA (Van Dolah et al. 2003). 
LC-MS analyses of the dolphin stomach contents and six of the undigested 
menhaden were performed at Mote Marine Laboratory and identified PbTx-2 and -3 and 
lower concentrations of brevetoxin metabolites (Flewelling et al. 2005). The parent 
brevetoxin PbTx-2 is highly reactive and is quickly metabolized when K. brevis cells are 
lysed (Pierce et al. 2001; Abraham et al. 2006; Pierce et al. 2008) or consumed by oysters 
(Plakas et al. 2002; Plakas et al. 2004; Wang et al. 2004). The presence of PbTx-2 in the 
dolphin stomach contents and the menhaden provide strong evidence that the menhaden, 
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planktivorous fish, had been feeding on an unobserved bloom of K. brevis shortly before 
being preyed upon by dolphins.  
The high concentrations of brevetoxins measured in undigested prey items (Table 
4.4) clearly demonstrate that fish were the source of the brevetoxins measured in the 
dolphins. The ability of live fish to accumulate brevetoxins to concentrations lethal for 
marine mammals has not widely been considered a threat for dolphins as it is 
conceptually contrary to the well-established ichthyotoxicity of brevetoxins, a property 
that is repeatedly demonstrated via massive fish kills during K. brevis blooms (Landsberg 
2002). Whether the fish eaten by these dolphins were alive or dead at the time of feeding 
can not be known, but in either case the fish were able to achieve extremely elevated 
concentrations of brevetoxins in their viscera, demonstrating a capacity for brevetoxin 
tolerance in fish that has been previously unrecognized. Following this event and the 
analyses of the fish recovered from the stomach contents, a field study was performed to 
investigate whether brevetoxin accumulation in live fish is a common occurrence and is 
described in Chapter 5.  
Following the 2004 dolphin mortality event, Fire et al. (2007) recognized a lack 
of information on brevetoxin body burdens in dolphins that strand during K. brevis 
blooms but that are not associated with mass mortality events, and also a lack of 
information on baseline brevetoxin body burdens in dolphins that are frequently exposed 
to K. brevis blooms. They measured brevetoxin concentrations in bottlenose dolphins 
from Sarasota Bay in southwest Florida that stranded during periods of elevated K. brevis 
cell concentrations but were not associated with a large-scale stranding event, as well as 
in dolphins that stranded during non-K. brevis bloom periods. Samples were analyzed 
using the same ELISA assay employed here, allowing for meaningful comparison. 
Brevetoxins were detected in 16 out of 19 dolphins that stranded during K. brevis blooms 
with average concentrations of 30 ng PbTx-3 eq./g in liver, 16 ng PbTx-3 eq./g in kidney, 
11 ng PbTx-3 eq./g in lung, 37 ng PbTx-3 eq./mL in urine, and 1,142 ng PbTx-3 eq./g in 
stomach contents (Fire et al. 2007). These levels are similar in magnitude to those 
measured in the 2004 mortality event, and suggest the impact of K. brevis blooms on 
bottlenose dolphins may be underestimated.  
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Brevetoxins were also measurable, but were significantly lower and much less 
prevalent, in dolphins that stranded during non-K. brevis bloom periods. Brevetoxins 
were detected in 5 out of 13 livers (mean = 13 ng PbTx-3 eq./g), in 2 out of 12 kidneys 
(mean = 2 ng PbTx-3 eq./g), and were not measured in either of two lung samples (Fire et 
al. 2007). No stomach contents were analyzed for dolphins that stranded during non-
bloom periods.  
 
An extremely puzzling question is why have these brevetoxin-related mass 
mortalities of dolphins occurred in the Florida Panhandle but not in southwest Florida, 
where K. brevis blooms are more frequent? One possibility is that the dolphins in the 
northern Gulf of Mexico are physiologically or behaviorally naïve to K. brevis blooms 
(Van Dolah et al. 2003). Another possible reason may relate to the feeding habits of 
bottlenose dolphins in the northern Gulf of Mexico. Dolphins are often observed in 
association with shrimp boats in the Gulf (Fertl and Leatherwood 1997), and reports of 
observations as well as the composition of prey identified in the stomachs of dolphins 
from the northern Gulf suggest that feeding on bycatch discarded by shrimp boats does 
occur (Barros and Odell 1990). Clupeid fish are not one of the most common types of 
bycatch, but they are occasionally caught by shrimp trawlers in the Gulf (Clucas 1997). 
More typically, clupeid fish are caught in purse-seine nets. Although purse-seine vessels 
were observed returning to port in St. Joseph Bay in April and May 2004, the boats were 
not actively fishing or discarding bycatch when they were observed (NMFS 2004).  
In 2005, the first red tide-related dolphin mortality event in southwest Florida did 
occur during a particularly persistent K. brevis bloom. One theory for why this unusual 
mortality event occurred is that the prolonged K. brevis bloom resulted in decreased 
availability of typical dolphin prey items, and led to shifts in dolphin feeding behaviors 
(D. Gannon, Mote Marine Laboratory, unpublished data).  
  
Despite the presence of a moderate bloom of the diatom Pseudo-nitzschia 
delicatissima in St. Joseph Bay, no domoic acid was detected in bloom samples. Pseudo-
nitzschia blooms are common in the Gulf of Mexico (Dortch et al. 1997; Parsons and 
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Dortch 2002). Pseudo-nitzschia delicatissima and other Pseudo-nitzschia species found 
in the Gulf of Mexico have been documented to produce domoic acid (Smith et al. 1990; 
Dortch et al. 1997; Bates 1998; Pan et al. 2001), but unlike K. brevis, the presence of 
these species does not necessarily mean that domoic acid is being produced. Domoic acid 
production can be variable among toxic species and can also vary in individual strains in 
response to changes in environmental conditions (Bates 1998). The analyses by FWC-
FWRI and NOAA CCEHBR as a part of this investigation represent the first analyses of 
domoic acid performed on marine mammal tissues from the Gulf (NMFS 2004). The 
concentrations measured in the dolphins were several orders of magnitude lower than 
those measured in another domoic acid-related marine mammal mortality event in the 
Pacific (Scholin et al. 2000), and the levels present in dolphin stomach contents were 
several orders of magnitude lower than levels that are considered safe for human 
consumption. Thus there is considerable uncertainty that domoic acid played any role in 
this event (NMFS 2004). Nevertheless, the detection of domoic acid in these dolphins 
reveals that dolphin exposure to domoic acid does occur to some extent in the Gulf of 
Mexico and serves to alert us to the possibility of future domoic acid-related poisoning 
events in the Gulf. 
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Chapter 5. Brevetoxin Accumulation in Live Fish 
 
Introduction 
Fish kills in the eastern Gulf of Mexico have been documented as far back as 
1844 (Ingersoll 1882) and have been observed almost annually during Karenia brevis 
blooms for over 40 years (Steidinger et al. 1973; Landsberg 2002). The profound 
ichthyotoxicity of brevetoxins produced by K. brevis was, in fact, the primary 
characteristic of the toxins used by researchers to guide them to their purification in the 
late 1970’s (Baden et al. 1979; Risk et al. 1979). The ichthyotoxicity of the different 
brevetoxins varies, and Baden (1989) listed 24-hr fish bioassay LD50s of brevetoxin 
congeners ranging from 3-5 nM for PbTx-1-type brevetoxins to 10-37 nM for PbTx-2-
type brevetoxins. In just a seven year period (2000-2006) more than 1,400 red tide-
related fish kill reports were received by the FWC-FWRI Fish Kill Hotline, a 24-hour 
telephone and web-based reporting system maintained by the FWRI Fish and Wildlife 
Health section.  
Due to the well-established toxicity of brevetoxins to fish, the ability of live fish 
to accumulate brevetoxins to concentrations dangerous for marine mammals has not 
widely been considered a threat. In 2004, however, a mass mortality of bottlenose 
dolphins (Tursiops truncatus) in the Florida Panhandle clearly indicated that fish have the 
potential to vector brevetoxins to higher tropic levels (Chapter 4; Flewelling et al. 2005). 
High levels of brevetoxins were measured in multiple tissues of all dolphins examined, 
and in tissues from prey fish retrieved from the stomach contents of 20 dolphins. 
Menhaden (Brevoortia sp.) recovered from the stomach contents contained excessive 
concentrations of brevetoxins, reaching 33,185 ng PbTx-3 eq./g in viscera and 15,361ng 
PbTx-3 eq./g in fish analyzed whole (Chapter 4, Table 4.4), and parent brevetoxins PbTx-
2 and PbTx-3 were confirmed by LC-MS (Flewelling et al. 2005; Naar et al. 2007). These 
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results demonstrated that planktivorous fish can vector dangerous concentrations of 
brevetoxins to higher trophic levels.  
Despite the frequent occurrence of K. brevis blooms in the Gulf of Mexico, red 
tide-related mass mortalities of dolphins have been extremely rare. In the 2004 event, 
brevetoxin-laden clupeid fish (planktivores) were shown to be the vector of brevetoxins 
to the dolphins (NMFS 2004, Chapter 4). However, clupeid fish have not been found to 
be a dominant prey item for dolphins in the Gulf. In a quantitative study of the food 
habits of bottlenose dolphins, the most important prey fish by both number and frequency 
of occurrence for dolphins in the northern Gulf of Mexico and along the southwest 
Florida coast were sciaenid fish (drums, croakers, seatrout) (Barros and Odell 1990). In a 
similar study examining prey items from 16 Sarasota Bay dolphins, pinfish (Lagodon 
rhomboides), pigfish (Orthopristis chrysoptera), striped mullet (Mugil cephalus) and spot 
(Leiostomus xanthurus) comprised more than 80% of the dolphins’ diet in terms of 
numerical abundance (Barros and Wells 1998). Although these results differ somewhat 
from the earlier Barros and Odell study, the authors point out that most samples from the 
1990 study came from animals that stranded on Gulf beaches and areas north and south 
of Sarasota Bay, and so may not be representative of the resident dolphins in Sarasota 
Bay. Nonetheless, in both studies clupeid fish were only a minor contributor to the 
dolphin diet, which may partially explain the infrequency of red tide-related dolphin 
mortalities. 
This chapter presents data on concentrations of brevetoxins measured in various 
species of fish collected live from St. Joseph Bay in the Florida Panhandle and from 
southwest Florida coastal waters. The field collections from St. Joseph Bay were initially 
conducted to determine whether brevetoxin accumulation in live fish in the area where 
the 2004 dolphin mortality occurred extended beyond clupeid fish, and continued in an 
effort to determine how long brevetoxins could persist in the tissues of live fish. 
Additional analyses of fish collected from southwest Florida where red tides occur more 
frequently were conducted to compare clupeids with more typical dolphin prey species, 
and to assess whether these species can also accumulate and vector potentially dangerous 
concentrations of brevetoxins. 
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Methods 
Fish included in the study were obtained from numerous sources, with many 
provided from collections made as a part of other investigations. Fish from St. Joseph 
Bay were mainly collected by staff of the FWC-FWRI Harmful Algal Bloom (HAB) 
section. Some were collected by the FWC-FWRI Fisheries Independent Monitoring 
(FIM) section, and also obtained from recreational fishermen. Fish were collected during 
and immediately after the dolphin mortality (March-May 2004) as well as in February, 
June, September, and November of 2005, and in May, August, and November of 2006. 
Here the objective was to sample across a broad range of species and trophic levels, and 
all species collected were analyzed.  
Fish from southwest Florida were similarly collected by FWC-FWRI HAB or 
FIM staff and recreational fishermen, as well as by Damon Gannon at Mote Marine 
Laboratory. Most samples were collected from inshore coastal waters of Tampa Bay, 
Sarasota Bay, or Placida Harbor (Fig. 5.1) between June 2004 and December 2007. Fish 
were collected using seine nets, cast nets, or hook-and-line gear. Species of interest for 
this study were those in the Clupeidae and Sciaeneidae families as well as pinfish 
(Lagodon rhomboides). All fish were frozen at -20°C until they were prepared for 
analysis. Whenever possible, weight and total length were recorded.  
Fish collected from St. Joseph Bay in 2004 were primarily separated into muscle 
and viscera (organs including gastrointestinal [GI] tract). In some cases, liver and 
stomach contents were sampled separately. Undigested prey items found in the stomachs 
of a few fish were analyzed separately from the rest of the GI contents. For all other 
collections, muscle, liver, and stomach or GI contents were sampled separately when 
possible. Gill was also collected in fish from southwest Florida. In smaller fish where the 
target tissues were less than 0.1 g each, either the tissues of multiple fish of the same 
species that were collected together were pooled or the viscera (organs including GI tract) 
of individual fish was collected.  
Brevetoxins in fish were extracted by homogenization in either 100% acetone (4 
mL/g tissue) or 80% aqueous methanol (2.5 mL/g tissue). Homogenates were centrifuged 
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(10 min at 3,200 x g) and the supernatants were retained. The pellets were extracted a 
second time in the same manner and the supernatants were pooled. Acetone extracts were 
evaporated to dryness and re-dissolved in 80% aqueous methanol. All extracts were 
partitioned twice with 100% hexane (1:1 v:v). The methanol fraction was retained for 
analysis. 
At sites where specimens were collected by HAB staff, both surface and bottom 
water samples were also collected. Aliquots were preserved with Lugol’s iodine and 
enumeration of K. brevis cells was performed by FWRI HAB taxonomists Jennifer 
Wolny and Earnest Truby. Brevetoxins were extracted from unpreserved seawater 
samples by passing 0.5 L through an Empore Si-C18 disc that had been preconditioned 
with 20 mL of methanol and then 20 mL of DI water. Brevetoxins were eluted from the 
discs into clean glass test tubes using 2 10-mL washes of methanol. The combined 
eluents were evaporated to dryness and re-dissolved in 2 mL of methanol. All extracts 
were stored at -20oC until analyzed.  
Total PbTx-2-type brevetoxin was quantified in all samples using a competitive 
ELISA as described in Chapter 2, with the modifications outlined in Chapter 3. The lower 
limit of quantification by ELISA as performed here was approximately 5-10 ng/g for fish 
tissues and 0.01 µg/L in seawater. 
Additional information on area K. brevis cell concentrations was obtained by 
querying the FWC-FWRI Harmful Algal Bloom database, which contains all K. brevis 
monitoring data for the state of Florida. Each fish analyzed from southwest Florida was 
designated as either “red tide” or “non-red tide” based on area cell counts. For Tampa 
Bay fish, K. brevis cell count data from samples collected in Pinellas, Hillsborough, and 
Manatee counties were used; for Sarasota Bay fish, K. brevis cell count data from 
Manatee and Sarasota counties were used; and for Placida Harbor fish, K. brevis cell 
count data from southern Sarasota county as well as from Lee and Charlotte counties 
were used (Fig 5.1). Fish were considered “red tide” specimens when maximum K. brevis 
cell densities in these areas within a 6-week time window (30 days prior to collection and 
two weeks after) exceeded 5,000 cells/L. This criteria was intended to compensate for the 
 movement of fish as well as the extremely patchy nature of K. brevis blooms and the 
discrete nature of water samples collected for red tide monitoring.  
All statistics were performed on log-transformed brevetoxin data using GraphPad 
Prism version 5.01 for Windows, GraphPad Software (San Diego California USA, 
www.graphpad.com). In most cases, non-parametric analyses were used due to the 
presence of assay results that were below the limit of detection (<ld). For statistical 
analyses, and to calculate means, results that were below the limit of detection were 
assigned a value of half the limit of detection (2.5 ng PbTx-3 eq./g). 
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Figure 5.1 Locations of fish collections in southwest Florida. Brackets indicate the 
counties (or county section) included in queries for K. brevis concentrations for each 
collection site.  
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Results 
2004 St. Joseph Bay Collections 
Maximum K. brevis cell densities observed in St. Joseph Bay each month from 
September 2003 through December 2006 are shown in Figure 5.2. In addition to the 
water samples obtained during each fish collection, Figure 5.2 includes K. brevis cell 
counts for five fixed sites in St. Joseph Bay that are sampled every month by the Florida 
Department of Environmental Protection (FDEP) and sent to FWC-FWRI for 
phytoplankton identification. A small bloom of K. brevis was present in St. Joseph Bay in 
late 2003, three months before the dolphin mortality event began. Between March 2004 
(during the dolphin mortality) and July 2005, K. brevis was not present with the 
exception of background concentrations noted in a few samples collected in April and 
May 2005. Elevated concentrations of K. brevis were next noted St. Joseph Bay in 
August 2005, and by September 2005, K. brevis cell concentrations in the bay reached as 
high as 2.5 million cells/L. Karenia brevis cell densities remained elevated in the bay 
until late October. Water samples collected in mid-November 2005 contained only low 
concentrations of K. brevis, with maximum observed densities of 5,300 cells/L on 
November 17. After these collections, no K. brevis cells were found in subsequent 
samples until one year later (late October 2006), when very low concentrations (1,600 
cells/L) were noted at only a few sites. Brevetoxin concentrations measured in St. Joseph 
Bay water samples ranged from less than 1 to 80 µg PbTx-3 eq./L during the K. brevis 
bloom, and were often measurable but low (typically < 1 µg PbTx-3 eq./L) in the absence 
of K. brevis cells (Fig. 5.2). 
Between March 28 and May 5, 2004, 101 live fish were collected from St. Joseph 
Bay. Of these, 64 fish, representing 10 species, were analyzed for brevetoxins at FWC-
FWRI (Table 5.1). The remaining 37 fish were analyzed at the University of North 
Carolina at Wilmington using the same protocols, and the combined results for all 101 
fish are reported in Naar et al. (2007). Half of the fish collected in 2004 (n = 32) were 
separated into muscle and viscera for brevetoxin analysis. Liver was collected from 11 
fish, and stomach contents were collected from nine fish. For 20 Spanish mackerel  
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Figure 5.2 Maximum K. brevis cell densities and brevetoxin concentrations measured in 
seawater samples collected throughout St. Joseph Bay between September 2003 and 
December 2006. 
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(Scomberomorus maculatus) collected in April 2004, only muscle tissue was provided for 
analysis. 
Brevetoxins were measured in all of the fish collected in March 2004, including 
those analyzed at UNC Wilmington. Among the March 2004 fish results reported here, 
highest concentrations were measured in the muscle (414 ng PbTx-3 eq/g.) and stomach 
contents (3,955 ng PbTx-3 eq./g) of a spotted seatrout (Cynoscion nebulosus). In general, 
concentrations were lower in fish collected in April 2004, but high concentrations were 
measured in the liver (mean = 2,334 ng PbTx-3 eq./g) and stomach contents (mean = 228 
ng PbTx-3 eq./g) of four sheepshead (Archosargus probatocephalus). Similar 
concentrations were measured in the liver (mean = 2,369 ng PbTx-3 eq./g) and stomach 
contents (mean = 251 ng PbTx-3 eq./g) of four spotted seatrout from early May 2004. An 
undigested clupeid fish was recovered from the stomachs of one of these seatrout, and 
analyzed separately. This prey fish contained brevetoxin concentrations of 376 ng PbTx-3 
eq./g in the muscle and 9,075 ng PbTx-3 eq./g in the viscera.  
 
2005-2006 St. Joseph Bay Collections 
From February 2005 to November 2006, 189 fish were collected from St. Joseph 
Bay, representing 38 species and various trophic guilds (Table 5.2). The average 
concentrations measured in muscle, liver, and stomach contents of all fish for each 
collection is shown in Figure 5.3, and the prevalence of brevetoxins, expressed as the 
percentage of brevetoxin-positive samples of each tissue type, is shown in Figure 5.4. 
Although no K. brevis was noted in the bay until August 2005, brevetoxins were detected 
in fish collected in February and June 2005. In general, average levels were highest 
during and immediately following the red tide in September and November 2005, after 
which they slowly decreased.  
The presence of brevetoxins in fish muscle was closely tied in time to the K. 
brevis bloom (Fig. 5.3). In February 2005, no toxin was measured in the muscle of any 
fish. Low brevetoxin levels (13-20 ng PbTx-3 eq./g) were measured in the muscle of a 
few fish collected in June 2005. During the K. brevis bloom, brevetoxins were 
measurable in the muscle of 96% of the fish tested, with concentrations ranging from 9 to 
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581 ng PbTx-3 eq./g. In November 2005 after the K. brevis bloom, brevetoxin was found 
in the muscle of 88% of the fish collected, with a maximum concentration of 116 ng 
PbTx-3 eq./g. By May 2006, both the proportion of positive muscle samples (64%) and 
the concentrations measured in the muscle had decreased. With the exception of a 
hardhead sea catfish (Ariopsis felis), brevetoxin was not found in the muscle of any fish 
collected in August or November 2006. Overall, the highest concentration measured in 
muscle (581 ng PbTx-3 eq./g) was from a Spanish sardine (Sardinella aurita) collected 
during the September 2005 red tide. 
Liver samples consistently yielded the greatest proportion of brevetoxin-positive 
results. In February 2005, brevetoxin concentrations in fish livers ranged from not 
detectable (in 30% of the fish collected) to 81 ng PbTx-3 eq./g. Average liver 
concentrations increased in subsequent collections reaching peak levels in November 
2005, just after the red tide ended. The highest liver concentration measured was 16,483 
ng PbTx-3 eq./g in a red snapper (Lutjanus campechanus) collected in November 2005. 
In May 2006, the average concentration in the livers had decreased but was still high (598 
ng PbTx-3 eq./g), and brevetoxin was detected in 100% of the livers tested. In August 
and November 2006, the averages continued to decline, but brevetoxin was still found in 
the livers of more than half of the fish collected.  
Brevetoxin concentrations in stomach and GI contents displayed the greatest 
variability. In February and June 2005, brevetoxins were measured in the stomach 
contents of fish at only low levels (maximum of 43 and 144 ng PbTx-3 eq./g, 
respectively) and in only approximately half of the fish collected. In September and 
November 2005, brevetoxins were measured in all fish stomach contents. The average 
concentrations in stomach contents in fish collected in September and November 2005 
and May 2006 were surprisingly not significantly different from each other (Kruskal-
Wallis test with Dunn's multiple comparison post-test). The highest concentration 
measured in fish GI contents was 2,839 ng PbTx-3 eq./g in a scaled sardine (Harengula 
jaguana) collected in May 2006.  
 
 
 Table 5.1 Range of brevetoxin concentrations measured in fish collected from St. Joseph 
Bay between March 28 and May 5, 2004 (during and immediately following the dolphin 
mortality event). 
Common Name Genus species Main Diet N Muscle Liver GI Contents Viscera
Scaled sardine Harengula jaguana Plankton 1 18 185
Sheepshead Archosargus probatocephalus Benthic invertebrates 4 <ld - 18 65 - 3,709 6-613
Spot Leiostomus xanthurus Benthic invertebrates 7 <ld - 35 33 - 133
Gulf kingfish Menticirrhus littoralis Benthic invertebrates 2 <ld <ld - 31
Northern kingfish Menticirrhus saxatilis Benthic invertebrates 7 <ld 35 - 77
Spotted seatrout Cynoscion nebulosus Piscivore 7 <ld - 414 <ld - 4,655 <ld - 3,955
Leatherjacket Oligoplites saurus Piscivore 2 <ld 61 -109
Southern flounder Paralichthys lethostigma Piscivore 1 6 90
Bluefish Pomatomus saltatrix Piscivore 10 <ld - 45 <ld - 141
Spanish mackerel Scomberomorus maculatus Piscivore 23 <ld - 24 157
<ld = not detected
    Range (ng PbTx-3. eq./g)
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 Table 5.2 Range of brevetoxin concentrations measured in fish collected from St. Joseph 
Bay between February 2005 and November 2006. 
Range (ng PbTx-3 eq./g)
Common Name Genus species N Main Diet Muscle Liver GI Contents
Scaled sardine Harengula jaguana 12 Plankton <ld-52 <ld-2,472 18-2,839
Striped mulleta Mugil cephalus 9 Plankton <ld-40 <ld-6,682 <ld-393
Atlantic thread herring Opisthonema oglinum 19 Plankton <ld-54 139-473 158-508
Remora Remora remora 1 Plankton <ld 131 384
Spanish sardinea,b Sardinella aurita 6 Plankton <ld-581 <ld <ld-137
Pinfisha Lagodon rhomboides 37 Herbivore <ld-129 <ld-1453 <ld-911
American halfbeaka Hyporhamphus meeki   5 Invertebrates <ld-124 33-1977 51-188
Scrawled cowfish Acanthostracion quadricornis 2 Benthic invertebrates 14-20 115-228 47-53
Sheepshead Archosargus probatocephalus 1 Benthic invertebrates <ld 65 6
Hardhead sea catfish Ariopsis felis 2 Benthic invertebrates <ld-12 1195-1408 25-27
Gafftopsail catfish Bagre marinus 1 Benthic invertebrates <ld 1312 <ld
Silver perch Bairdiella chrysoura 1 Benthic invertebrates <ld 246 37
Striped burrfisha Chilomycterus schoepfi 1 Benthic invertebrates 61 571 138
White grunt Haemulon plumierii 1 Benthic invertebrates <ld 19 <ld
Tripletail Lobotes surinamensis 1 Benthic invertebrates <ld <ld <ld
Southern kingfish Menticirrhus americanus 3 Benthic invertebrates <ld <ld-22 <ld-8
Atlantic croaker Micropogonias undulatus 6 Benthic invertebrates <ld 25-51 31-57
Pigfish Orthopristis chrysoptera 3 Benthic invertebrates <ld 50-277 <ld-105
Bighead sea robin Prionotus tribulus 1 Benthic invertebrates <ld <ld <ld
Gulf pipefish Syngnathus scovelli 1 Benthic invertebrates <ld <ld <ld
Yellow jack Carangoides bartholomaei 1 Piscivore <ld 218 <ld
Blue runner jack Caranx crysos 1 Piscivore <ld 478 <ld
Black sea bass Centropristis striata 10 Piscivore <ld <ld-52 <ld-206
Sand seatrout Cynoscion arenarius 1 Piscivore <ld 468 14
Spotted seatrouta Cynoscion nebulosus 9 Piscivore <ld-107 <ld-5,133 <ld-1,750
Ladyfisha Elops saurus 5 Piscivore <ld-11 <ld-76 <ld-49
Red snappera Lutjanus campechanus 3 Piscivore 33-102 1,067-16,483 307-664
Mangrove snappera Lutjanus griseus 10 Piscivore <ld-52 <ld-321 <ld-615
Lane snapper Lutjanus synagris 1 Piscivore <ld <ld 16
Gag groupera Mycteroperca microlepis 6 Piscivore <ld-116 <ld-6,034 <ld-720
Leatherjacket Oligoplites saurus 2 Piscivore <ld <ld <ld
Gulf toadfisha Opsanus beta 1 Piscivore 69 7 400
Gulf floundera Paralichthys albigutta 5 Piscivore <ld-65 <ld-528 <ld-742
Southern flounder Paralichthys lethostigma 1 Piscivore <ld 8 <ld
Bluefish Pomatomus saltatrix 8 Piscivore <ld-33 <ld-190 <ld-131
Spanish mackerel Scomberomorus maculatus 2 Piscivore <ld 39-221 <ld-11
Atlantic needlefish Strongylura marina 1 Piscivore <ld <ld <ld
Inshore lizardfish Synodus foetens 4 Piscivore <ld <ld-96 <ld-12
<ld = not detected
aAt least one specimen collected during September or November 2005 (i.e. during or just after the K. brevis  bloom).
bNo liver or stomach contents analyzed from K. brevis  bloom period.  
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Figure 5.3 Average brevetoxin concentrations measured in fish (all species) collected 
throughout St. Joseph Bay between 2004 and 2006. In 2005 and 2006, collections were 
performed during 2-3 day sampling trips. <ld = not detected. Error bars = standard 
deviation. Red bar indicates K. brevis bloom period. 
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Figure 5.4 Prevalence of brevetoxin contamination in fish (all species) collected 
throughout St. Joseph Bay between 2004 and 2006. Prevalence is expressed as the 
percentage of fish containing detectable levels of brevetoxins (> 5-10 ng/g). Red bar 
indicates K. brevis bloom period. 
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Southwest Florida Collections 
From June 2004 to December 2007, 464 fish were collected from coastal waters 
along Pinellas, Manatee, Sarasota, and Charlotte counties, with the majority of specimens 
collected in Tampa Bay, Sarasota Bay, and Placida Harbor (Fig. 5.1). Species included 
pinfish (Lagodon rhomboides), at least eight sciaenid species, and four clupeid species. 
Ranges of brevetoxin concentrations measured in each species during both K. brevis 
bloom periods and non-bloom periods are listed in Table 5.3.  
Clupeid fish were mainly collected from Sarasota Bay and Placida Harbor. Of the 
178 clupeid fish analyzed, 156 were collected at times when K. brevis was present at 
above background levels in proximate coastal waters. As a group, brevetoxin 
concentrations in clupeid muscle averaged 83 ng PbTx-3 eq./g during bloom periods and 
24 ng PbTx-3 eq./g during non-bloom periods, and in gill tissue averaged 634 ng PbTx-3 
eq./g during red tides and 327 ng PbTx-3 eq./g during non-bloom periods. The highest 
brevetoxin concentration measured in clupeid muscle was 647 ng PbTx-3 eq./g in an 
Atlantic thread herring (Opisthonema oglinum). Brevetoxin concentrations in viscera of 
clupeid fish collected during red tides averaged 4,367 ng PbTx-3 eq./g (with a maximum 
value of 69,047 ng PbTx-3 eq./g in a Spanish sardine) and were significantly higher (p = 
0.0005, Mann Whitney test) than those collected during non-bloom periods (mean = 319 
ng PbTx-3 eq./g). The average concentration of 18 clupeids collected during a K. brevis 
bloom and analyzed whole was 195 ng PbTx-3 eq./g, and was higher than five whole 
clupeids collected during non-bloom periods (mean = 42 ng PbTx-3 eq./g). 
Brevetoxin concentrations measured in the muscle and viscera of individual 
Atlantic thread herring, scaled sardines, and Spanish sardines collected between January 
2006 and March 2007 are plotted by date of collection in Figures 5.5A and B. Most of the 
specimens were collected during K. brevis bloom periods, with highest concentrations in 
all species observed in fish collected in September 2006. Karenia brevis was not present 
at more than 5,000 cells/L in waters near these clupeid fish collection sites between 
February and June 2006. Brevetoxins were still measurable in both muscle and viscera in 
most fish collected in February and were lower in the few fish collected in March and 
June 2006. 
 Table 5.3 Brevetoxin concentrations measured in fish collected from southwest Florida between June 2004 and December 2007.  
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N n Mean Range n Mean Range n Mean Range n Mean Range n Mean Range
Yellowfin menhaden RT 2 2 13 11-16 2 1,987 43-3,932 2 534 461-606 2 221 204-238
Brevoortia smithi non-RT 0
Menhaden RT 1 1 <ld 1 <ld 1 2,694 1 42
Brevoortia sp. non-RT 0
Scaled sardine RT 56* 42 93 <ld-661 41 398 <ld-2,155 2 1,799 1,523-2,074 2 521 420-622 40 2,354 19-10,723
Harengula jaguana non-RT 3* 2 <ld <ld 2 35 32-38
Atlantic thread herring RT 88* 84 70 <ld-647 84 634 8-4,162 16 1,228 84-3,256 6 2,071 581-3,042 57 3,372 15-36,669
Opisthonema oglinum non-RT 14* 11 31 18-53 10 434 217-794 1 880 1 834 10 431 198-637
Spanish sardine RT 9 9 182 79-339 9 1,471 543-2,984 9 19,620 3,285-69,047
Sardinella aurita non-RT 5 4 17 10-26 4 60 36-86 4 181 75-263
Pinfish RT 49 49 42 <ld-197 45 401 <ld-7,472 25 1,962 <ld-4,450 26 1,194 <ld-6,257 23 975 125-5,188
Lagodon rhomboides non-RT 11 11 5 <ld-15 5 41 <ld-148 4 2,864 507-5,144 4 526 45-1,591 7 61 29-109
Silver perch RT 15 15 30 <ld-102 14 142 <ld-755 1 1,827 1 693 14 308 <ld-1322
(Bairdiella chrysoura) non-RT 2 2 <ld <ld 2 63 16-111
Sand seatrout RT 0
Cynoscion arenarius non-RT 2 2 <ld <ld 2 7 <ld-11 2 39 <ld-76 2 29 <ld-48
Spotted seatrout RT 18 18 11 <ld-42 16 322 <ld-1,985 16 949 51-3,841 18 178 <ld-923
Cynoscion nebulosus non-RT 79 78 3 <ld-21 77 12 <ld-174 77 1,475 <ld-15,015 77 67 <ld-1,723 2 24 21-27
Spot RT 6 6 56 <ld-149 5 354 7-930 2 3,981 3,117-4,846 2 6,350 1,855-10,844 3 21 10-32
Leiostomus xanthurus non-RT 6 6 30 <ld-93 6 174 <ld-508 4 2,077 17-4,260 4 2,221 33-3,378 2 46 29-63
Southern kingfish RT 4 4 <ld <ld 3 5 <ld-10 4 6 <ld-17 4 31 <ld-103
Menticirrhus americanus non-RT 4 4 <ld <ld 2 <ld <ld 4 32 17-55 4 11 <ld-19
Gulf kingfish RT 6 6 53 5-131 6 121 <ld-326 4 987 279-2,573 4 338 <ld-1,189 2 3,879 1,427-6,330
Menticirrhus littoralis non-RT 1 1 21 1 43 1 4,385 1 61
Northern kingfish RT 7 7 20 14-31 7 106 62-167 7 848 228-2,346
Menticirrhus saxatilis non-RT 0
Kingfish RT 15 15 13 <ld-23 15 68 <ld-181 6 612 44-2,361 6 294 27-718 9 398 163-723
Menticirrhus spp. non-RT 1 1 3 1 51 1 229 1 7,104
Red drum RT 30 30 4 <ld-36 24 40 <ld-354 28 246 <ld-1,683 21 86 <ld-801 2 70 16-124
Sciaenops ocellatus non-RT 30 30 3 <ld-8 30 5 <ld-15 29 161 <ld-1,951 27 7 <ld-37 1 46
RT = red tide (K. brevis  >5,000 cells/L in area within 30 days prior to and 14 days after collection); non-RT = non-red tide; <ld = not detected. 
*Total number includes fish analyzed whole; data on whole fish not included in table.
VisceraMuscle Gill Liver Stomach Contents
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A total of 60 pinfish were collected from Sarasota Bay and Placida Harbor, with 
49 collected during K. brevis bloom periods. Brevetoxin concentrations measured in the 
muscle, liver, and viscera of pinfish collected between January 2005 and March 2007 are 
plotted in Figures 5.6A and B. During K. brevis bloom periods, brevetoxin concentrations 
averaged 42 ng PbTx-3 eq./g in muscle, 401 ng PbTx-3 eq./g in gill, 1,962 ng PbTx-3 
eq./g in liver, and 1,194 ng PbTx-3 eq./g in stomach contents. Mean brevetoxin 
concentrations in pinfish collected during non-bloom periods were lower in muscle (5 ng 
PbTx-3 eq./g), gill (41 ng PbTx-3 eq./g), and stomach contents (526 ng PbTx-3 eq./g), yet 
were higher in liver (2,864 ng PbTx-3 eq./g). Significant differences in brevetoxin 
concentrations were found between red tide and non-red tide pinfish muscle (p < 0.0001) 
and gill (p < 0.05), but not stomach contents or liver. In smaller specimens collected 
during red tides, brevetoxin concentrations in viscera averaged 1,092 ng PbTx-3 eq./g 
and were significantly higher (p = 0.0033) than viscera of non-bloom specimens (266 ng 
PbTx-3 eq./g). The highest brevetoxin concentrations in pinfish muscle (197 ng PbTx-3 
eq./g) and viscera (5,188 ng PbTx-3 eq./g) were observed in late August 2006, while 
highest liver concentration (5,144 ng PbTx-3 eq./g) was measured in a pinfish collected 
in February 2006, just after the dissipation of a K. brevis bloom (Fig. 5.6).  
Of 226 sciaenid fish analyzed from Tampa Bay, Sarasota Bay, and Placida Harbor 
were analyzed, 101 were collected during K. brevis bloom periods. Brevetoxin 
concentrations during bloom periods averaged 17 ng PbTx-3 eq./g in muscle, 137 ng 
PbTx-3 eq./g in gill, 647 ng PbTx-3 eq./g in liver, and 386 ng PbTx-3 eq./g in stomach 
contents. Similar to what was observed in the pinfish, mean brevetoxin concentrations in 
sciaenids collected during non-bloom periods were lower in muscle (4 ng PbTx-3 eq./g), 
gill (19 ng PbTx-3 eq./g), and stomach contents (185 ng PbTx-3 eq./g), yet were higher in 
liver (1,114 ng PbTx-3 eq./g). Significant differences were found between red tide and 
non-red tide sciaenid muscle (p < 0.0001), gill (p < 0.0001), and stomach contents (p < 
0.05), but not liver. In smaller specimens collected during red tides, brevetoxin 
concentrations in viscera averaged 589 ng PbTx-3 eq./g and were significantly higher (p 
< 0.05) than viscera of non-bloom specimens (45 ng PbTx-3 eq./g). 
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Red drum (Sciaenops ocellatus) and spotted seatrout were the sciaenid species 
analyzed in greatest numbers. Brevetoxin concentrations measured in the muscle and 
liver of red drum and spotted seatrout collected in Tampa Bay between August 2006 and 
December 2007 are plotted by date of collection in Figures 5.7A and B. In late 2006, a K. 
brevis bloom was present in the area. During the bloom period, brevetoxin was only 
detected in the muscle of one red drum out of 21 tested and was present in low but 
measurable concentrations in the muscle of nine of 12 seatrout. In both species, elevated 
concentrations of brevetoxins were detected in some livers while remaining low or 
undetectable in others. During 2007, no bloom concentrations of K. brevis were recorded 
near to the fish collection sites, and brevetoxin was detectable (only at very low 
concentrations) in the muscle of only one of 24 red drum and one of 74 seatrout analyzed, 
yet highest liver concentrations for both spotted seatrout (15,015) and red drum (1,951 ng 
PbTx-3 eq./g) were measured in May and September 2007, respectively. 
 
A Kruskal-Wallis test with Dunn's multiple comparison post-test was used to 
compare brevetoxin concentrations during K. brevis bloom periods in tissues of the 
species that were analyzed in greatest numbers: Atlantic thread herring, scaled sardines, 
pinfish, red drum, and spotted seatrout. In a comparison of brevetoxin concentrations in 
the muscle of all six species, red drum muscle differed significantly from the muscle of 
thread herring, scaled sardine, and pinfish (p < 0.001 for all). Spotted seatrout muscle 
also differed significantly from the muscle of thread herring (p < 0.05), scaled sardine (p 
< 0.001), and pinfish (p < 0.05). In a comparison of brevetoxin concentrations in the 
livers of Atlantic thread herring, pinfish, red drum, and spotted seatrout, red drum liver 
differed significantly from Atlantic thread herring and pinfish (both p < 0.001), and from 
spotted seatrout (p < 0.05). No significant differences were found in a comparison of 
brevetoxin concentrations in the viscera of Atlantic thread herring, scaled sardines, and 
pinfish. 
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Figure 5.5 Brevetoxin concentrations measured in A) muscle and B) viscera of clupeid 
fish collected in southwest Florida. Red bars indicate K. brevis bloom periods. 
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Figure 5.6 Brevetoxin concentrations measured in A) muscle and B) liver or viscera of 
pinfish collected in southwest Florida. Red bars indicate K. brevis bloom periods. 
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Figure 5.7 Brevetoxin concentrations measured in A) muscle and B) liver of red drum 
and spotted seatrout collected in Tampa Bay. Red bars indicate K. brevis bloom periods. 
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Discussion 
Collection and analyses of fish from St. Joseph Bay in 2004 was initiated in 
response to the ongoing dolphin mortality event and was based on the gross findings that 
the dolphins had stomachs packed with fish (NMFS 2004) as well as the initial ELISA 
results demonstrating extremely high brevetoxin concentrations in the dolphin stomach 
contents (Chapter 4). These collections provided a cursory look at whether live fish in the 
bay were contaminated with brevetoxins. Although concentrations were lower than those 
measured in fish recovered from the dolphin stomachs, the consistent detection of 
elevated concentrations of brevetoxins in all fish collected in March 2004 was 
unexpected at the time. Further collections throughout 2005 and 2006 were conducted to 
examine whether this phenomenon was widespread among fish species and to assess how 
long brevetoxins could persist in tissues of live fish.  
The average levels of brevetoxins were highest during and just after a two-month 
K. brevis bloom. Since this was the only time during the two-year collection period that 
bloom concentrations of K. brevis were observed in water samples collected from St. 
Joseph Bay, the data presented here may suggest that brevetoxins continue to be present 
in the livers of fish for more than a year after the cessation of a bloom (Fig. 5.3). 
Brevetoxins are known to accumulate in shellfish where they can persist at levels 
dangerous for human consumers for weeks to months after a K. brevis bloom has ended 
(Morton and Burklew 1969; Steidinger et al. 1998a; Pierce et al. 2006). Analyses of 
contaminated shellfish have shown that the parent toxin PbTx-3 is largely eliminated 
from shellfish within weeks after a red tide has ended, and that brevetoxins persist for 
months in the form of metabolites (Plakas et al. 2002; Plakas et al. 2004; Pierce et al. 
2006).  
However, the surprising levels of brevetoxins measured in the stomach contents 
of the majority of fish, especially in clupeid species (scaled sardines and Atlantic thread 
herring), collected in May 2006 when no red tide bloom was present in St. Joseph Bay 
suggests the more likely explanation is that there were undetected sources of brevetoxins. 
The low levels of K. brevis (333-4,000 cells/L) found in two water samples collected at 
the mouth of the bay in May 2006 may be evidence of a bloom that remained undetected 
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outside of the bay. Water sampling for K. brevis in northwest Florida is largely event-
driven, and with the exception of monthly sampling by the FDEP in St. Joseph Bay, little 
data is available on K. brevis cell densities along the northern Gulf coat of Florida unless 
a bloom is suspected and red tide monitoring activities increase.  
Additionally, since brevetoxins persist in fish food sources after dissipation of a 
red tide, chronic post-bloom exposure of omnivorous and piscivorous fish to toxins in the 
marine food web is likely, further complicating determination of how long brevetoxins 
may persist in tissues of fish in the wild. Regardless of the source, the brevetoxins 
detected in the stomach contents of fish in May 2006 would certainly have contributed to 
the persistence of toxins noted in the livers over the next several months.  
The data on brevetoxin concentrations in fish collected from St. Joseph Bay 
demonstrate that the accumulation of brevetoxin in fish in the wild is a common 
occurrence and that brevetoxins can persist in fish tissues for an extended period of time. 
Further transfer of brevetoxins through the fish food web was well-illustrated by the 
presence of a small contaminated clupeid fish in the stomach of a larger piscivorous 
seatrout collected in May 2004. Similarly, three clupeids taken from the stomach of a 
dead red drum and four clupeids taken from the stomach of a dead hardhead sea catfish 
collected in St. Joseph Bay during the dolphin mortality event contained brevetoxin 
concentrations in their muscle ranging from 495 to 1,356 ng PbTx-3 eq./g. These fish 
were not included in the fish presented here as they were not alive when collected, but the 
stomach contents of these fish also demonstrate trophic transfer of brevetoxins through 
the fish food web. 
 
Prior to the 2004 dolphin mortality, information on brevetoxin accumulation and 
persistence in fish from controlled experiments was very limited. Vectorial transport of 
brevetoxins to fish through copepods was demonstrated by Tester et al. (2000) in short-
term feeding experiments (2-25h). In this study, juvenile fish were fed toxic copepods 
that had been exposed to K. brevis cultures. They accumulated PbTx-2 and PbTx-3 in 
both the muscle and viscera, to maximum levels in muscle of approximately 40 ng/fish 
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and in viscera of 120 ng/fish. The persistence of brevetoxins in the fish over time was not 
assessed.  
However, the evidence gathered in the investigation of the 2004 dolphin mortality 
has spurred broader interest in the topic of brevetoxin accumulation in fish. By exposing 
juvenile planktivorous striped mullet (Mugil cephalus) to K. brevis and omnivorous 
pinfish and croaker (Micropogonias undulatus) to brevetoxin-contaminated clams, Naar 
et al. (2007) further demonstrated that fish can accumulate ichthyotoxic brevetoxins when 
exposed through their diet and that brevetoxins can be transferred into the fish food web 
by feeding on toxic prey. Here, the levels of brevetoxin accumulation observed in the 
exposure of juvenile mullet to K. brevis were lower than those achieved by the fish 
feeding on toxic shellfish, but the exposure duration for the former was restricted to 24 
hours due to the conditions required to prevent lysing of the K. brevis cells (no filtration 
or aeration), while the latter was carried out over two weeks. Maximum concentrations of 
2,675 ng/g in viscera and 1,540 ng/g in muscle were measured in pinfish on the last day 
of exposure. After two weeks without exposure, the experiment was terminated, but 
viscera and muscle tissue still contained 15% and 40% of the maximum observed 
concentrations, respectively.  
Transfer of brevetoxins into fish during short-term exposures to K. brevis cultures 
was also demonstrated by Woofter et al. (2005) who noted immediate uptake of 
brevetoxin with measurable blood levels as soon as one hour after exposing juvenile 
striped mullet to K. brevis. Over the course of the 24-hour experiment, maximum blood 
levels were found after 8-12 hours of exposure, with a drop to 50% of maximum levels 
after 24 hours. Tissue concentrations were not determined, but slow elimination was 
observed with brevetoxin measurable in blood several days after exposure. 
More recently, and in direct response to the findings of the 2004 dolphin mortality 
event investigation, longer-term depuration studies were performed using two 
planktivorous fish, juvenile striped mullet and Atlantic menhaden (Brevoortia tyrannus), 
exposed to cultures of K. brevis (Hinton and Ramsdell 2008). Depuration of brevetoxins 
was followed in the mullet over two months and in the menhaden over one month. The 
investigators analyzed individual organs of the mullet after exposure and found that 
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brevetoxin content of the muscle and intestine decreased significantly after one week. 
The toxin content of the liver increased to a maximum after one month post-exposure, 
and after two months was still higher than when the depuration period began. Menhaden 
were separated into head, body and viscera. Maximum brevetoxin levels measured were 
169 ng/g in the body and 1,858 ng/g in viscera. The investigators observed a decrease in 
toxin of at least 50% in the body and head after 17 days, but found no change in the 
viscera. The persistence of high levels of toxin in the viscera was attributed to 
redistribution of toxin from the intestine and muscle to the liver, where it is metabolized 
and re-introduced through bile into the intestines prior to elimination. Toxin content in 
the whole fish was reduced by 65% after 30 days, and a half-time of complete elimination 
was calculated to be 24 days. 
 
Many of the species tested from St. Joseph Bay were not caught during the bloom 
in the fall of 2005, and in several cases only one fish per species was tested, making this 
data set unsuitable to compare species or to draw conclusions regarding the ability for 
brevetoxins to accumulate in particular fish species. Analyses of fish collected from 
southwest Florida where red tides occur more frequently were conducted to examine 
more typical dolphin prey species, and to compare these species with clupeids.  
Sciaenid species and pinfish, important in the diet of bottlenose dolphins in the 
Gulf of Mexico (Barros and Odell 1990; Barros and Wells 1998), were capable of 
accumulating brevetoxins, although to levels generally much lower than those measured 
in clupeids. However, given their greater size, they may still represent a significant dose 
of brevetoxin. These fish are not planktivorous, but they are directly exposed to dissolved 
brevetoxins during blooms and indirectly exposed to brevetoxins through their food 
sources. For example, pinfish consume large quantities of seagrass throughout much of 
their life (Montgomery and Targett 1992) and, as described in Chapter 3, brevetoxins can 
accumulate to high levels in association with seagrass. The highest concentration 
measured in the GI contents of the pinfish analyzed here was 5,537 ng PbTx-3 eq./g in a 
fish collected from a seagrass meadow in Placida Harbor during a bloom.  
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Although most of the red drum and spotted seatrout were collected from the same 
general area, mean and maximum brevetoxin concentrations were higher in spotted 
seatrout for all tissue types. Both of these sciaenid species both consume a variety of prey 
items. As juveniles, the diet of both species consists primarily of invertebrates with an 
increasing importance on fish as they grow larger (Peters and McMichael 1987; Llanso et 
al. 1998; Murphy 2003). In a study of these two species at two sites in upper Tampa Bay, 
small fish were the main prey item for spotted seatrout >200 mm standard length (SL) at 
both sites, while fish prey gained importance for red drum >200 mm but polychaetes and 
decapod crustaceans remained the main food items (Llanso et al. 1998). Most standard 
lengths of spotted seatrout and red drum collected here, as calculated from total lengths 
using length-length relationships reported for each species (Murphy and Taylor 1990; 
Murphy 2003), were >200 mm. The mean SL of spotted seatrout collected during red 
tides (256 mm) was similar to the mean SL of those collected during non-bloom periods 
(283 mm). Only five spotted seatrout were < 200 mm SL and most were >250 mm. 
However, the mean SL of red drum collected during red tides (540 mm) was almost twice 
the mean SL of the red drum collected during non-bloom periods (288 mm). Nine red 
drum were <200 mm SL, and seven of these were collected during non-bloom periods. A 
shift in prey preferences with size may contribute to differences seen between red tide 
and non-red tide red drum.  
Interestingly, high concentrations of brevetoxins were measured in the livers of 
spotted seatrout collected from Tampa Bay in the second half of 2007 in the absence of 
an inshore bloom (Fig. 5.7). Between June and November, 2007, red tide monitoring 
along the southwest Florida coast detected no K. brevis above background concentrations 
(≤ 1,000 cells/L) until late September when low concentrations were first noted in 
samples collected from Lee county (Fig. 5.8). However, two research cruises conducted 
one month apart, in late September and late October of 2007, detected and repeatedly 
sampled a bloom of K. brevis located 5-10 km off of Lee county (Fig. 5.8). When this K. 
brevis bloom began is unknown. Results from the seatrout collected from Tampa Bay 
between June and November 2007 revealed that they had been exposed to brevetoxins. 
Recent direct exposure to an undetected inshore or nearshore bloom seems unlikely given 
 109 
the number of red tide monitoring samples that are routinely collected in this part of the 
state year-round. Direct exposure to the bloom in Lee county is also unlikely as seatrout 
do not typically migrate great distances (Hendon et al. 2002; Bortone 2003) and the 
bloom was located approximately 130 km south of where the fish were caught. The 
remaining possibilities are that these concentrations were remnant brevetoxins from 
exposure six or more months prior, or that these fish were more recently exposed by 
ingesting prey fish that had migrated north from the area of the bloom. Given that the 
concentrations measured in seatrout from the second half of 2007 were generally much 
higher than those measured in seatrout collected during the bloom earlier in the year, the 
latter explanation seems more likely. Brevetoxin was also measured in the GI contents of 
the seatrout collected between June and November 2007, but overall was low, with an 
average concentration of 45 ng PbTx-3 eq./g and a maximum value of 209 ng PbTx-3 
eq./g. 
Brevetoxin concentrations in clupeids from southwest Florida were variable but in 
some cases were extremely high, demonstrating that the excessive toxin concentrations 
present in the menhaden retrieved from the dolphin stomachs in 2004 were not unique 
occurrences. Brevetoxin levels exceeded 10,000 ng PbTx-3 eq./g in the viscera of 12 
clupeids (representing 3 species), with three fish containing higher levels than the 
maximum measured in the menhaden taken from the 2004 dolphin stomachs (up to 
69,047 ng PbTx-3 eq./g). In the few instances where clupeid liver was collected, 
concentrations were lower, reaching a maximum of 3,256 ng PbTx-3 eq./g, suggesting 
that the extreme concentrations of brevetoxins found in some clupeid viscera is probably 
due to the concentration of K. brevis cells in the GI tract while feeding in a bloom. Since  
the gut passage time for planktivorous fish is on the order of hours (Friedland et al. 
2005), the highest danger to dolphins would likely result from feeding on planktivorous  
fish within hours of the prey fish feeding on K brevis. 
The persistence of high levels of toxin in the viscera of experimentally exposed 
menhaden led Hinton and Ramsdell (2008) to suggest that menhaden can remain a vector 
of lethal levels of brevetoxins to dolphins for several weeks after a bloom. However, to 
measure brevetoxins they employed antibody-based assays similar to the ELISA used 
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Figure 5.8 Karenia brevis cell concentrations in seawater samples and brevetoxin 
concentrations measured in the livers of seatrout collected between June and November 
2007. The two water samples coded in yellow offshore of Pinellas and Manatee counties 
(within the area queried for the Tampa Bay seatrout) contained only 1,300 and 2,000 
cells/L, and were collected in September and October 2007, respectively. 
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here, and the composition of brevetoxin congeners present in the viscera was not 
determined. It is important to note that the ELISA used in these analyses and antibody-
based brevetoxin assays used in other studies do not differentiate the individual 
congeners and metabolites of brevetoxins, and actual toxicity can not be inferred from the 
results. Toxin profiles determined by LC-MS for some fish collected live from St. Joseph 
Bay were mainly metabolized brevetoxins with lesser amounts of PbTx-3, while the 
menhaden from the dolphin stomachs contained parent brevetoxins PbTx-2 and PbTx-3 
with lesser amounts of metabolites (Naar et al. 2007). Our findings of the presence of the 
rapidly metabolized parent toxin, PbTx-2, in the menhaden taken from the dolphin 
stomachs in 2004 strongly suggest that the menhaden involved in that mortality event had 
been very recently feeding on a K. brevis bloom. 
Assessing the risk to dolphins resulting from exposure to brevetoxin metabolites 
is currently not possible. The toxicity of the numerous brevetoxin metabolites is largely 
unknown. While they are generally believed to be products of detoxification pathways, it 
has been shown that some brevetoxin metabolites contribute to NSP toxicity (Ishida et al. 
1996; Morohashi et al. 1999; Poli et al. 2000; Nozawa et al. 2003; Plakas et al. 2004). 
Proper toxicology studies have not yet been conducted due to a lack of pure brevetoxin 
metabolites. Indeed, accurate analytical quantification of known metabolites in biological 
samples is also currently prevented by the lack of standards. Unless pure reference 
materials are used, brevetoxin metabolite concentrations are suitable for relative 
comparisons at best. 
 
Overall, brevetoxin accumulation in fish was found to be widespread and was 
documented in fish representing more than 30 different species. Planktivorous clupeid 
fish are capable of accumulating extremely high concentrations of brevetoxins within 
their viscera, and their movement can result in spatial separation of a bloom and animal 
exposure. The window of time for which they present the biggest threat to dolphins is 
probably quite small, and acute poisoning events such as the 2004 mortality in the Florida 
Panhandle are rare most likely because clupeid fish do not typically comprise a 
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significant portion of the dolphin diet. Sciaenid species and pinfish also accumulated 
brevetoxins but to a lower extent, which may be a result of their indirect exposure 
through an additional trophic level. These fish, as well as other omnivorous and 
piscivorous species, may retain brevetoxins in their tissues at significant concentrations 
after a bloom has dissipated, and may lead to temporal separation of blooms and animal 
exposure. 
 Karenia brevis blooms are a regular occurrence in southwest Florida and the 
contamination of typical dolphin prey appears to be as well. The data presented here 
suggest that dolphins in southwest Florida are routinely exposed to brevetoxins through 
their diet. Little is known about the effects of chronic exposure to brevetoxins, but 
evidence indicates it may lead to suppression of the immune system (Bossart et al. 1998; 
Benson et al. 2004a; Benson et al. 2004b; Benson et al. 2005; Sayer et al. 2005), which 
could increase the susceptibility of marine mammals to other pathogens. Virtually 
nothing is known about the effects of exposure to brevetoxin metabolites. More 
information is needed on the how brevetoxins are metabolized and on the toxicity of the 
metabolites to better understand the risks to dolphins of feeding on brevetoxin-
contaminated fish. 
 
 
 
 
(Baden 1989) 
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Chapter 6. Conclusions 
 
The multiple routes through which marine mammals can be exposed to 
brevetoxins (i.e., direct exposure to bloom water, ingestion of brevetoxins in bloom water 
or in other organisms in which the toxin has bioaccumulated, and inhalation of 
aerosolized toxins) have complicated efforts to understand the mechanisms that lead to 
mass mortality events. The 2002 manatee mortality and 2004 bottlenose dolphin 
mortality provided unique opportunities to make clear connections between ingested 
brevetoxins and marine mammal mortalities without the confounding issues of concurrent 
exposure through direct contact or inhalation.  
Prior to 2002, the accumulation of brevetoxins on or in seagrass had never been 
previously reported, and the delayed or chronic exposure of manatees to brevetoxins 
through seagrass was not recognized as a threat. The 2002 manatee mortality event was 
the first time that a significant number of manatee deaths have been positively related to 
the ingestion of brevetoxin via seagrass subsequent to a red tide event. Analyses of the 
epiphytes and detritus on the surface of the seagrass leaves as well as of the cleaned 
seagrass leaves and rhizomes revealed that during a K. brevis bloom as much as half of 
the toxin present in the seagrass may be associated with the leaves themselves, while 
after a bloom, the majority of the toxin present is associated with the epiphytes. 
Brevetoxins were shown to persist in association with seagrass at high levels for weeks 
and at lower levels for months in the absence of K. brevis. Given that K. brevis blooms 
can be extremely patchy and that discrete water samples can easily misrepresent the 
overall bloom intensity, brevetoxin levels in seagrass may provide a useful new 
parameter that can be monitored in addition to K. brevis cell concentrations for assessing 
the risk of manatees during and following K. brevis blooms.  
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The 2004 mass mortality of bottlenose dolphins in the Florida Panhandle clearly 
indicated that fish have the potential to vector brevetoxins to higher tropic levels. 
Analysis of fish collected live from St. Joseph Bay and southwest Florida revealed that 
brevetoxin accumulation in fish is a common occurrence. Brevetoxin accumulation was 
documented in fish representing more than 30 different species. Planktivorous clupeid 
fish are capable of accumulating extremely high concentrations of brevetoxins within 
their viscera, and their movement can result in spatial separation of a bloom and animal 
exposure. Sciaenid species and pinfish also accumulated brevetoxins but to a lower 
extent. These fish, as well as other omnivorous and piscivorous species, may retain 
brevetoxins in their tissues at significant concentrations after a bloom has dissipated and 
may lead to temporal separation of blooms and animal exposure. 
These findings confirm the stability of brevetoxins in the marine environment in 
the absence of an ongoing K. brevis bloom and reveal the possibilities of acute lethal 
exposure for manatees and dolphins through ingestion of seagrass and fish, respectively. 
Additionally, persistent lower levels of brevetoxins were documented in the food sources 
for manatees and dolphins, suggesting that marine mammals in southwest Florida are 
chronically exposed to low levels of brevetoxins and brevetoxin metabolites. The effects 
of chronic dietary exposure to these compounds are unknown, and research is needed to 
determine whether such exposure can compromise the health of these animals leading to 
disease or even death.  
Brevetoxins can accumulate in multiple tissues of both manatees and dolphins. 
Brevetoxin distribution in the 2004 dolphin tissues was similar to what was seen in the 
2002 manatees, with highest concentrations measured in the liver, followed by the kidney 
and then the lung (Fig 6.1). A Mann-Whitney rank sum test was used to compare 
brevetoxin concentrations measured in the stomach contents, liver, kidney, and lung of 
the 2004 dolphins with those measured in the 2002 manatees. Brevetoxins in the stomach 
contents of the 2004 dolphins were significantly higher than those measured in the 2002 
manatee mortality (p < 0.0001). In organ tissues, brevetoxin concentrations were lower 
and significantly different in the dolphin livers (p < 0.0001) and kidneys (p = 0.0357). 
Brevetoxin concentrations measured in lung tissue were not significantly different in the  
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Figure 6.1 Average brevetoxin concentrations measured in tissues and stomach contents 
of manatees from the 2002 mortality event and dolphins from the 2004 mortality event. 
Error bars = standard deviation.  
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two events. Higher stomach contents and lower organ tissue concentrations may reflect 
the more acute nature of the dolphin mortality (i.e. a briefer period of exposure to higher 
doses of brevetoxins). 
Since the marine mammal mortality events discussed here, there have been red 
tide-related mass mortalities of manatees in 2003, 2005, 2006, and 2007, as well as an 
additional dolphin mortality event in the Florida Panhandle and the first red tide-related 
mass mortality of dolphins in southwest Florida, both in 2005-2006. The FWC-FWRI 
documentation of red tide-related manatee mortalities now also includes manatee deaths 
that occur outside of mass stranding events. ELISA analyses are routinely run on manatee 
carcasses recovered from southwest Florida when K. brevis is present, when necropsy 
findings are consistent with brevetoxicosis, or when cause of death is unclear.  
The information reported here and currently being accumulated on brevetoxin 
levels in manatee and dolphin mortalities associated with K. brevis blooms, as well as 
background body burdens carried by marine mammals in red tide-endemic southwest 
Florida, will help natural resource managers better understand the impacts of K. brevis 
red tides on marine mammals. In the Manatee Core Biological Model (CBM) currently 
used to analyze the viability of this endangered species, the occasional non-mass 
stranding red tide-related manatee mortalities that occur during red tides are built into 
annual survival estimates (Runge et al. 2007a). Mass mortality events associated with K. 
brevis blooms are modeled as natural catastrophes and are presently estimated in the 
model as occurring with a 22% frequency in southwest Florida. This estimate is based on 
the occurrence of five mass mortality events since 1980 (1982, 1996, 2002, 2003, and 
2005). However, the CBM modelers acknowledge that the model may be underestimating 
the effect of this threat on the manatee population if the recent increase frequency of 
mortality events indicates a trend (Runge et al. 2007b). They also recognize that inclusion 
of annual non-catastrophic red tide manatee mortality would further increase the effect of 
this threat (Runge et al. 2007b). Between 1974 and 2001, red tide was blamed for 5.7% of 
manatee deaths in Florida. Since then, due to the occurrence of multiple mass mortality 
events and improved recognition and documentation of brevetoxicosis in manatees, the 
fraction of red tide-related mortalities has increased to 16.5% (Figure 6.2).  
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Figure 6.2 Causes of manatee deaths in Florida from 1974 to 2001 (top, n = 4,368) and 
from 2002 to 2007 (bottom, n = 2,091). Graphs were created using data provided by the 
FWC-FWRI Marine Mammal Pathobiology Laboratory. Cold stress includes 10 perinatal 
deaths between 1974 and 2001 and 26 perinatal deaths between 2002 and 2007 in which 
cold stress was suspected. 
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The data presented here on brevetoxin concentrations in marine mammal stomach 
contents and in their food sources, and similar data from subsequent and future events, 
may help researchers arrive at estimates for what represents a lethal dose of brevetoxins 
to manatees and dolphins. However, what constitutes a lethal dose of brevetoxins in 
marine mammals may not be as relevant as dosages that induce illness, since sufficient 
physiological insult due to brevetoxicosis may have lethal consequences due to their 
vulnerability as air breathers in an aquatic environment. 
The investigations of the 2002 manatee mortality event and the 2004 bottlenose 
dolphin mortality event benefited greatly from the development of a rapid, sensitive, and 
specific ELISA for brevetoxins (Naar et al. 2002) and from the implementation of this 
method by scientists within FWC-FWRI. The availability of this tool enabled rapid 
brevetoxin analysis of tissue samples from multiple animals and more thorough 
environmental investigations than were possible in previous mortality events. The main 
limitation of the method is the inability to distinguish between different forms of 
brevetoxins. Biological samples are likely to contain a mixture of brevetoxins and/or 
brevetoxin metabolites, and ELISA results do not accurately estimate toxicity. While this 
is a drawback when investigating brevetoxins in marine mammals’ food sources where 
the toxicity of the compounds present are extremely relevant, this property of the assay is 
also its greatest strength in the analyses of tissues from exposed animals. The metabolism 
of brevetoxins in mammals is not yet well understood. The ability to detect the entire 
suite of the most abundant type of brevetoxins as well as their metabolites at low levels 
enables confirmation of brevetoxin exposure in mammals that would otherwise go 
undetected. As the number of brevetoxin metabolites continues to expand, so does the 
need for toxicological studies on their potency. While this information is lacking, the 
coupling of rapid sensitive screening assays with structural identification via mass 
spectrometry can provide a better, but still very incomplete, understanding of the risks 
posed to marine mammals by food web transfer of brevetoxins. 
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Appendices
 Appendix A. 2002 red tide-suspect manatees tested for brevetoxins by ELISA. Data 
provided by FWC-FWRI Marine Mammal Pathobiology Laboratory. 
 
Carcass 
Report Date Field ID Sex Length (cm) County Waterway
3/15/2002 MSW0239 M 321 Charlotte Stump Pass
3/17/2002 MSW0240 M 268 Lee Pine Island Sound
3/19/2002 MSW0242 M 315 Lee Pine Island Sound
3/19/2002 MSW0243 F 220 Charlotte Ainger Creek
3/21/2002 MSW0244 M 254 Lee Pine Island Sound
3/22/2002 MSW0245 M 344 Sarasota Blackburn Bay
3/22/2002 MSW0246 M 287 Lee Charlotte Harbor
3/24/2002 MSW0248 M 265 Charlotte Lemon Bay
3/24/2002 MSW0249 F 250 Collier Johnson Bay
3/24/2002 MSW0250 F 236 Charlotte Lemon Bay
3/24/2002 MSW0251 M 276 Sarasota Forked Creek
3/25/2002 MSW0252 M 260 Sarasota Forked Creek
3/25/2002 MSW0253 M 327 Sarasota Lemon Bay
3/25/2002 MSW0254 M 295 Charlotte Gulf of Mexico
3/25/2002 MSW0255 M 300 Lee San Carlos Bay
3/25/2002 MSW0256 M 348 Sarasota Gulf of Mexico
3/26/2002 MSW0257 F 302 Charlotte Stump Pass
4/5/2002 MSW0261 F 264 Sarasota Forked Creek
4/6/2002 MSW0262 M 274 Lee Matlacha Pass
4/6/2002 MSW0263 F 281 Sarasota Forked Creek
4/7/2002 MSW0264 M 247 Lee Pelican Bay
4/7/2002 MSW0265 M 294 Lee Pine Island Sound
4/8/2002 MSW0267 F 269 Charlotte Lemon Bay
4/15/2002 MSW0269 M 262 Charlotte Charlotte Harbor
4/16/2002 MSW0270 F 229 Lee Pine Island Sound
4/30/2002 MSW0272 M 231 Sarasota Sarasota Bay
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 Appendix B. 1996 red tide-suspect manatees for which archived tissues were tested for 
brevetoxins by ELISA. Data provided by FWC-FWRI Marine Mammal Pathobiology 
Laboratory. 
 
Carcass 
Report Date Field ID Sex Length (cm) County Waterway
3/12/1996 MSW9647 F 297 Collier Caxambas Pass
3/12/1996 MSW9649 M 302 Lee Pine Island Sound
3/12/1996 MSW9650 M 289 Lee Charlotte Harbor
3/13/1996 MSW9655 F 243 Lee Orange River
3/13/1996 MSW9656 F 306 Lee Orange River
3/14/1996 MSW9664 M 321 Lee Matlacha Pass
3/15/1996 MSW9667 M 288 Sarasota Lemon Bay
3/15/1996 MSW9673 M 307 Lee Matlacha Pass
3/16/1996 MSW9671 F 268 Lee Caloosahatchee River
3/16/1996 MSW9672 M 285 Lee San Carlos Bay
3/16/1996 MSW9674 F 295 Lee Pine Island Sound
3/16/1996 MSW9675 M 244 Charlotte Charlotte Harbor
3/16/1996 MSW9676 M 284 Lee Pine Island Sound
3/17/1996 MSW9681 M 304 Lee San Carlos Bay
3/17/1996 MSW9684 M 293 Lee Caloosahatchee River
3/22/1996 MSW9698 F 288 Lee Caloosahatchee River
3/22/1996 MSW9699 F 273 Collier Sanctuary Sound
3/22/1996 MSW96100 M 266 Collier Roberts Bay
3/23/1996 MSW96105 F 290 Lee Charlotte Harbor
3/24/1996 MSW96106 F 308 Collier Johnson Bay
3/24/1996 MSW96107 M 323 Charlotte Gasparilla Sound
3/25/1996 MSW96111 M 321 Sarasota Blackburn Bay
3/26/1996 MSW96116 F 255 Collier Gulf of Mexico
3/28/1996 MSW96120 F 238 Lee Hendry Creek
3/30/1996 MSW96122 M 301 Lee Gulf of Mexico
3/30/1996 MSW96124 M 306 Lee Pine Island Sound
3/30/1996 MSW96126 F 295 Collier Tarpon Bay
3/30/1996 MSW96127 M 286 Charlotte Lemon Bay
4/1/1996 MSW96129 F 299 Collier Caxambas Pass
4/1/1996 MSW96130 M 293 Charlotte Placida Harbor
4/1/1996 MSW96134 M 214 Collier Roberts Bay
4/2/1996 MSW96131 M 255 Lee Pine Island Sound
4/2/1996 MSW96133 F 276 Collier Smokehouse Bay
4/2/1996 MSW96135 M 207 Collier Naples Bay
4/2/1996 MSW96136 M 274 Lee Estero Bay
4/3/1996 MSW96137 F 273 Collier Coon Key Pass
4/3/1996 MSW96142 M 328 Charlotte Charlotte Harbor
4/4/1996 MSW96144 M 297 Collier Gullivan Bay
4/4/1996 MSW96145 M 312 Lee Matlacha Pass
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 Appendix B (Continued).  
Carcass 
Report Date Field ID Sex Length (cm) County Waterway
4/5/1996 MSW96146 F 302 Collier Johnson Bay
4/5/1996 MSW96147 M 219 Collier Gordon Pass
4/5/1996 MSW96148 F 291 Collier Barfield Bay
4/6/1996 MSW96149 F 316 Charlotte Lemon Bay
4/6/1996 MSW96150 F 239 Lee Imperial River
4/7/1996 MSW96152 F 284 Charlotte Gasparilla Sound
4/7/1996 MSW96153 M 254 Lee Matlacha Pass
4/9/1996 MSW96158 M 307 Collier Collier Bay
4/11/1996 MSW96165 F 298 Collier Sanctuary Sound
4/13/1996 MSW96167 M 310 Lee Charlotte Harbor
4/13/1996 MSW96169 F 288 Collier Gullivan Bay
4/14/1996 MSW96170 M 252 Collier Gulf of Mexico
4/14/1996 MSW96171 F 215 Collier Gullivan Bay
4/16/1996 MSW96173 F 274 Lee Pine Island Sound
4/17/1996 MSW96175 F 309 Lee Caloosahatchee River
4/19/1996 MSW96176 M 268 Lee Pine Island Sound
4/20/1996 MSW96177 F 224 Lee Estero Bay
4/22/1996 MSW96181 F 275 Lee Caloosahatchee River
4/25/1996 MSW96185 M 295 Lee San Carlos Bay
4/27/1996 MSW96187 M 223 Collier Gullivan Bay
4/27/1996 MSW96189 M 246 Lee Matlacha Pass
5/9/1996 MSW96191 M 265 Collier Smokehouse Creek
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 Appendix C. 2002 southwest Florida manatees killed by watercraft collision that were 
tested for brevetoxins by ELISA. Data provided by FWC-FWRI Marine Mammal 
Pathobiology Laboratory. 
 
Carcass 
Report Date Field ID Sex Length (cm) County Waterway
4/8/2002 MSW0266 M 322 Sarasota Myakka River
4/15/2002 MSW0268 M 267 Charlotte Charlotte Harbor
4/25/2002 MSW0271 F 211 Sarasota Blackburn Bay
5/5/2002 MSW0274 F 329 Collier Johnson Bay
5/26/2002 MSW0278 F 286 Charlotte Lemon Bay
5/27/2002 MSW0279 F 307 Lee Pine Island Sound
7/6/2002 MSW0286 M 323 Sarasota Robert's Bay
7/20/2002 MSW0289 M 315 Charlotte Charlotte Harbor
7/21/2002 MSW0290 M 304 Lee San Carlos Bay
8/9/2002 MSW0291 F 309 Lee Bull Bay
9/8/2002 MSW0293 M 323 Lee Caloosahatchee River  
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 Appendix D. 2002 east coast Florida manatees tested for brevetoxins by ELISA. Data 
provided by FWC-FWRI Marine Mammal Pathobiology Laboratory. 
 
 
Carcass 
Report Date Field ID Sex Length (cm) County Waterway
2/24/2002 MSE0215 M 215 Monroe Tarpon Basin
3/17/2002 MEC0220 M 283 Miami-Dade Blue Lagoon
3/26/2002 MNE0211 F 283 Duval St. Johns River
3/26/2002 MSE0222 F 201 Palm Beach Lake Worth
3/29/2002 MSE0223 M 283 Palm Beach Lake Worth Creek
4/7/2002 MEC0223 M 290 Brevard Port Canaveral Barge Canal
6/19/2002 MNE0218 M 302 St. Johns Robinson Creek
8/18/2002 MEC0244 M 277 Brevard Indian River
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Appendix E. 2004 dolphins tested for brevetoxins by ELISA. Data provided by NMFS.  
 
Strand Date Field ID Sex Length (cm) County Waterway
3/10/2004 Hubbs-0415-Tt F 255 Gulf St. Joseph Bay
3/10/2004 Hubbs-0430-Tt M 184 Gulf St. Joseph Bay
3/10/2004 Hubbs-0431-Tt F 247 Gulf St. Joseph Bay
3/10/2004 Hubbs-0433-Tt F 228 Gulf St. Joseph Bay
3/11/2004 Hubbs-0416-Tt M 200 Gulf St. Joseph Bay
3/11/2004 Hubbs-0418-Tt M 225.5 Gulf St. Joseph Bay
3/11/2004 Hubbs-0419-Tt M 246.5 Gulf St. Joseph Bay
3/11/2004 Hubbs-0420-Tt F 244 Gulf St. Joseph Bay
3/11/2004 Hubbs-0421-Tt M 225 Gulf St. Joseph Bay
3/11/2004 Hubbs-0422-Tt M 241 Gulf St. Joseph Bay
3/11/2004 Hubbs-0423-Tt M 229 Gulf St. Joseph Bay
3/11/2004 Hubbs-0424-Tt F 243 Gulf St. Joseph Bay
3/11/2004 Hubbs-0429-Tt M 254.2 Gulf St. Joseph Bay
3/11/2004 Hubbs-0432-Tt M 222 Gulf St. Joseph Bay
3/12/2004 Hubbs-0425-Tt F 243 Gulf St. Joseph Bay
3/12/2004 Hubbs-0426-Tt M 176 Gulf St. Joseph Bay
3/12/2004 Hubbs-0427-Tt M 221 Gulf St. Joseph Bay
3/12/2004 Hubbs-0428-Tt M 236 Gulf St. Joseph Bay
3/12/2004 Hubbs-0436-Tt M 228 Gulf St. Joseph Bay
3/12/2004 Hubbs-0437-Tt F 247 Gulf St. Joseph Bay
3/16/2004 PCNMFS 04-8 M 277 Gulf St. Joe Beach
3/17/2004 SJP0317-15 M 249 Gulf St. Joseph Bay
3/18/2004 SJP0318-17 F 207 Gulf St. Joseph Bay
3/25/2004 SJP0325-32 M 268 Gulf St. Joseph Bay
3/25/2004 SJP0326-34 F 245 Gulf St. Joseph Bay  
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